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Abstract

Mitochondria are widely considered as the powerhouse of the cell, producing ATP
and regulating the energy balancing. This very simple definition could shadow the
importance of these organelles. Mitochondria, indeed, are fundamental for a
plethora of functions, including apoptosis control and immune system regulation.
The transfer of mitochondria among cells is a fascinating phenomenon triggered by
stress signals, through which eukaryotic cells acquire new mitochondria from
healthy donor cells, to ensure repair and survival after damage. During this process,
the mitochondria’s small size and capacity to change their shape and length, allow
them to be transported from donor to recipient cells by transporting mechanisms
like tunneling nanotubes and microvesicles. The organelles can be incorporated into
the disrupted mitochondrial network of the host cells, restoring the energy supply,
diminishing the reactive oxygen species produced, and eventually re-balancing the
cell homeostasis. As mitochondria transfer has been found to play a critical role in
healing several diseases among which brain and cardiac injury, respiratory and
renal disorders, artificial mitochondria transfer (AMT) has recently emerged as a
promising therapeutic approach for conditions characterized by mitochondrial
damage, including ischemia-reperfusion injury (IR1). In the IRI syndrome, hypoxia
triggers a cascade of events that will eventually hit the mitochondria and may lead
to cellular necrosis if not adequately treated. IRI is particularly destructive in organ
transplantation, which can ultimately lead to organ discard and delayed
transplantation.

In the first part of the present thesis, we will expose the function and characteristics
of mitochondria and the mechanisms of mitochondria-related toxicity in the
pathological context. Subsequently, we will describe the mechanisms of
mitochondria transfer among cells and the artificial mitochondria transfer, depicting
the preclinical application of this treatment. Mitochondria transfer will be then
inserted in the context of regenerative medicine, with our review: “extracellular
vesicles, apoptotic bodies, and mitochondria: stem cell bioproducts for organ

regeneration”.



In the second part of the thesis, we will illustrate the mechanism of kidney
preservation. In particular, we will focus on static cold storage, hypothermic
machine perfusion, and normothermic machine perfusion. In the book chapter we
wrote called “mitochondria transplantation in organ damage and repair” we
described mitochondrial transfer in the context of organ repairment and tissue
restoration. The chapter is part of the book titled: “Organ Repair and Regeneration:
Preserving Organs in the Regenerative Medicine”.

Lastly, the third part of the thesis will be focused on my Ph.D. project. In this study,
we investigated AMT as a possible therapeutic approach in the preservation and
protection of transplanted organs, bothin vitroandex vivo.In vitro, we
demonstrated that mitochondria transfer resulted in capable revert the deleterious
effect of the ischemia reperfusion, whereas ex vivo, in a porcine model of kidney
preservation, we were able to prove that AMT partially protects from ischemic

damage.



1. FUNCTIONS AND CHARACTERISTIC OF

MITOCHONDRIA

General Structure of Mitochondria

Mitochondria are usually defined as “membrane-bound organelle found in the
cytoplasm of almost all eukaryotic cells, the primary function of which is to
generate large quantities of energy in the form of ATP” [1]. Nevertheless, this
definition is somehow limiting, shadowing the complexity of all the biological
functions exerted by these organelles. The presence of their own genetic materials,
the extensive interconnection with the other organelles, and the possibility to be
shared and transferred between cells make mitochondria fundamental for a wide
range of different roles. As matter of fact, mitochondrial disorders encompass
almost all the fields of medicine, causing symptoms in any organ and presenting at

any age [2].

Mitochondria are considered unique organelles also for the peculiar origin.
According to the most accepted theory, the endosymbiotic theory, mitochondria
originated from the endosymbiosis with a precursor procaryotic cell, similar to a
modern bacteria, capable of oxidative phosphorylation [3]. This transition to
permanent organelle determined an enormous number of evolutionary changes,
from the origin of hundreds of new genes, to the integration of metabolism and
reproduction [4]. However, other conserved organelle components, such as the

peculiar DNA or various proteins similar in structure to the bacterial ones, not only



are not tolerated by the innate immune system, but are considered to be essential

regulator of cell danger responses, acting at all steps of inflammatory responses [5].

Mitochondria are usually oval in shape and range in size from 0.5 to 10 um. The
numbers of mitochondria can vary enormously among the different cell types: from
none in the erythrocytes, to hundreds of thousands in myocytes and hepatocytes.
Due to the tendency of these organelles to fuse and dissociate, usually is difficult
or even impossible to quantify a definite number. For this reason speaking about
mitochondrial network, more than single mitochondria, results more appropriate
[6]. Other than the production of energy, mitochondria are considered as the trigger
of the so-called intrinsic apoptosis pathway, mainly through the release of
cytochrome C. Other functions include the regulation of cellular proliferation and
differentiation, storage of calcium ions, heme synthesis reactions, and
immunological signalling. Furthermore, in recent years, the transfer of
mitochondria between cells emerged as a new mechanism, mainly related to cell

repairment, cell reprogramming, or immune interchange.

In the next part of this section, the structure of mitochondrion, peculiar and

fundamental for most of the mentioned functions, will be briefly described.

Mitochondrial membranes

Mitochondria are formed by an outer and inner membrane with different
properties, an intermembrane space, the cristae, that extend the surface of the
inner membrane, and a matrix, which is fluid (fig. 1). The outer mitochondrial

membrane enclosed the entire organelle and contain a massive amount of



integral membrane proteins, including porins and voltage-dependent anion
channels (VDAC). Interestingly, VDAC, which is the primary transporter of
nucleotides, ions, and metabolites between cytosol and mitochondria, forms a
complex similar to the one observed in gram-negative bacteria [7]. The
disruption of the outer mitochondria barrier, with consequent exposure of the
intermembrane space proteins has been associated with the trigger of
programmed cell death [8]. The space between the outer and inner membrane,
called perimitochondrial space, contains a series of proteins fundamental for the
mitochondria functions, including cytochrome C [9]. The inner membrane,
differently from the outer, is highly impermeable, and almost all molecules and
ions need special transporters to pass through it. Another important characteristic
is the compartmentalization in folds called cristae. Cristae highly expand the
surface of the inner membrane, increasing the production of ATP. The most
internal part of the mitochondria is the matrix, which contains most of the
proteins of the mitochondrion, including the ATP synthase. Other important
molecules included in the matrix are the mitochondrial ribosomes, different from

the cytosolic ones, tRNA, and the mitochondrial DNA [10].

Mitochondrial DNA

Mitochondria are the only organelle to contain their own chromosome called
mitochondrial DNA, or mtDNA. mtDNA is a small, double-stranded circular
molecule containing the sequence of 37 genes with several unique features that
differentiate it with nuclear DNA [11] (fig. 1). Firstly, only 13 of the ~ 1200

protein normally present in the mitochondrion are encoded from mtDNA. The



others, including the ones involved in the expression and maintenance of
mtDNA, are nuclear gene products [12]. This characteristic is correlated to the
separated evolutionary origin of mitochondria and eucaryotic cell. Most of the
protein present in the mitochondria and not encoded by mtDNA are thought to
have originally been of bacterial origin, having since been transferred to the
eukaryotic nucleus during evolution. Moreover, the numbers of mtDNA copies
present in each cell seems to be in excess of what is needed to sustain the normal
functions of mitochondrion. This amount can be regulated through specific
pathways controlled by cell-stress induction, which suggest an evolutionary
pressure to maintaining high mtDNA copies, possibly related to mitochondrial
signalling and/or immune functions [12], [13]. Another important characteristic
is the peculiar methylation path of mtDNA, probably a remnant of the bacterial
origin. Mutations in mtNDA occurs much more frequently than nuclear DNA.
This can be due to close proximity of the genome to the ECT complex, and thus
to a large amount of ROS, and by the absence of an efficient DNA repairment
system [14]. Accumulation of mutations of mtDNA has been reported to be
correlated with aging, but also with neurodegenerative disorders, such as
Parkinson’s and Alzheimer’s diseases [15], [16]. These features make the
mtDNA as an endogenous trigger of both pro-inflammatory and type I interferon
(IFN) responses, [17], [18] as firstly demonstrated by Collins et al [19]. The
increase of mtDNA, internalized in extracellular vesicles (EVS), a heterogeneous
group of cell-derived membranous structures, and released in the extracellular
environment can act as not only as trigger of immune response, but also as

endothelial cell activator [20], [21].



Another essential and very well know characteristic of mtDNA is that, in sexual
reproduction, it is inherited exclusively from the mother, a mechanism called
uniparental inheritance. The cause could be correlated with the simple dilution,
as an egg contains on average 200,000 mtDNA molecules, whereas a healthy
human sperm has been reported to contain on average 5 molecules; but also with
other mechanism, that involved the ubiquitination and destruction of the spermal

mtDNA [22], [23].
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Figure 1. The structure of mitochondrion comprehensive of outer membrane, inner

membrane, matrix, and mitochondrial DNA.
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Functions of mitochondria

As already mentioned, the principal and best-known function of mitochondria are
to produce energy through the oxidative phosphorylation (OXPHOS), a complex
series of biochemical reactions by which pyruvate, one of the final results of
glycolysis, is oxidized to produce cofactors that drive the electron transport chain
(ETC), generating ATP. Pyruvate is transported through the inner mitochondria
membrane where can be oxidized and combined with coenzyme A, to form acetyl-
CoA, or carboxylated to form oxaloacetate. These molecules are the starting point
of the tricarboxylic acid cycle (TCA) (also called Krebs cycle) a series of chemical
reactions able to release the stored energy of acetyl-CoA, producing energy, COa,
and water (fig. 2). The Oxidation of acetyl-CoA is responsible for the production
of nearly 2/3 of the total energy consumed by the body. In addition, the TCA cycle
provides precursors of various amino acids, as well as NADH and FADH3, used in
several other pathways. The three molecules of NADH and the one FADH:
produced are transferred to oxygen, an energy-rich molecule, increasing the
concentration of protons in the intermembrane space. The potential energy of the
proton gradient is exploited by the ATP synthase to generate ATP from ADP and

inorganic phosphate (Pi) [24] (fig. 2).

Other from the ATP production, the gradient generated through OXPHOS is used
in several other pathways, such as proteins import or trigger molecular changes in
response to stress or mitochondria disfunction [25]. The ROS produced from ETC,

instead, contributed to the control of cell proliferation, cell differentiation but also
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Figure 2. Schematization of the electron transport chain (ETC) in the mitochondrial
intermembrane space. The NADH and FADH2 produced through TCA cycle are used to
generate a H+ gradient in the intermembrane space. The ATP synthase use this gradient
to convert ADP and Pi in ATP.

to adaptive stress signalling pathway, as hypoxia response [26]. In the neurons, the
control of Ca?* efflux is essential for modulating neurotransmitter release,
neurogenesis, and neuronal plasticity. Moreover, the surplus of ATP is used to

produce neurotransmitter as GABA and glutamate [27].

Mitochondria shape and dynamics are intimately correlated with their functions, in
particular, as response to programmed cell death. The reorganization of

mitochondrial cristae and crista junctions (tubules that connect the cristae to the
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boundary) facilitate the release of proapoptotic molecules in the intermembrane
space. The lateral reorganization of the outer membrane is used as signalling
platform for pathways such as BCL-2 protein-dependent apoptosis, or innate

immunity, though mechanism not fully understood [28], [29].

Mitochondria are strictly interconnected with other organelles, such as plasma
membrane, peroxisomes, ER, autophagosome, and lysosomes (fig. 3). The
interoganelles communication is ensured through direct membrane connection, and
lysosomes, the so-called mitochondria-associated membranes (MAMsS); or through
intracellular EVs, extroflected directly from mitochondria. The treatment with
antimycin A, a molecule able to block the complex Ill and is used to simulate
ischemia damage, stimulate the EVs release from mitochondria directed to the
liposome, suggesting that this mechanism could act as a quality control pathway for
mitochondria homeostasis [30]. Mitochondrial disfunction, however, can influence
not only the tissue, but also the organ and whole the organism. For instance, in mice
models of mitochondria related disease as well as in human patients, OXPHOS
deficient skeletal muscle secrete the fasting-related hormone FGF21. This protein
can enter in the blood stream, inducing ketogenesis in the liver and mobilizes lipids

from adipose tissue for oxidation [31], [32].
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2. TRANSFER OF MITOCHONDRIA AMONG CELLS

Intracellular Mitochondrial Transfer

The previous chapter highlighted the pivotal importance of mitochondria for the
correct function of the cell, and how mitochondrial dysfunction can lead to cell
death, activate the immune system response and, eventually, induce the clinical
progression of a pre-existent pathology. As a matter of fact, mitochondria do not
possess an efficient repair system and even small alterations in the mitochondrial
network can influence the cell fate. In order to restore the mitochondrial
homeostasis, or balance the intracellular energetic supply, mitochondria can be
transferred from one part of the cell to another. This intracellular transfer of
mitochondria has been mostly observed in very polarized cells, such as neurons
having long axons. Mitochondria can be relocated from the cell body to the
periphery, in the region of synaptic contacts, as response to high energy expense
[1], [2]. Another case of intracellular mitochondria transfer has been studied in cells
where the area adjacent to the blood flow, and thus better provided with nutrients
and oxygen, is far away from the part with higher energy demand. The mitochondria
inside these cells can be translocated, through a system of microtubules, acting as
mobile power stations [3]. Rather than the balancing of energy supply, the transfer
of mitochondria inside the cell can be used to redirect impaired mitochondria to
autophagosomes. Disorders in the intracellular mitochondria transfer have been

associated with neurological diseases, such as Alzheimer’s disease [4].

18



Physiological Mitochondria Transfer

In recent years, the studies on intracellular mitochondria transfer were
complemented with a new mechanism of intercellular mitochondria repairment,
where the mitochondria are delivered from one cell to another; a mechanism called
physiological mitochondrial transfer (PMT). Most of the studies have linked the
PMT with the repair of the damaged host cell by healthy cells, such as mesenchymal

stem cells (MSCs).

The first pieces of evidence of a transfer of mitochondria between cells emerged in
2004 with the work of Rustom et al., where the transfer occurred through the
establishment of long protrusion of cytoplasm called tunneling nanotubes (TNTS)
[5] (fig. 4, A). In 2005, Koyanagi’s lab. demonstrated that mitochondria are
transported by TNTs from human endothelial progenitor cells to neonatal
undifferentiated cardiomyocytes. According to their piece of evidence, this process
is important for cardiomyocytes differentiation [6]. One year later, Spees et al.
demonstrated, for the first time, the rescue of mitochondria-impaired cells through
the transfer of mitochondria or mtDNA. In this work, cells were cultured and treated
with ethidium bromide, in order to damage mtDNA, impairing aerobic respiration
and growth. The coculture with human MSCs (hMSCs) derived from bone marrow
or skin fibroblast was able to restore aerobic respiration. Interestingly, after
coculture, the experiments indicated the presence of functional and active

mitochondria [7].
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Figure 4. A. Architecture of TNT between two cultured cells by SEM. For boxed areas,
higher magnification images are shown. B. Left, mBMSC (arrow) transfering red-labelled
mitochondria on the adjacent alveolar epithelium (green). Right, the illustration depicts the
imaging data on the left at two time points. Mitochondria are shown in red, and the mBMSC

cell body is marked by an asterisk.
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In 2012, the work of Islam et al. shed new light on our comprehension of PMT.
They observed that, in a mouse model of LPS-induced acute lung injury, the
administration of human bone marrow—derived MSCs (BN-MSCs) reverted
leucocytosis and protein leak, in concomitance of a marked increase in the ATP
production. This rescue was associated with the release of mitochondria containing
EVs that the lung epithelia engulfed (fig. 4, B). The presence of exogenous
mitochondria was demonstrated optically, and through the detection of human
mtDNA in the lung epithelial cells. Interestingly, the beneficial effect was
abrogated by BN-MSCs with dysfunctional mitochondria [8]. In a similar manner,
Cho et al. demonstrated that MSCs actively transferred healthy mitochondria by
TNTs to mitochondria-depleted cells. To prove this, MSCs were treated with
rhodamine 6G in order to impair mitochondrial function but not mtDNA. Treated
MSC:s failed to rescue the aerobic respiration of mitochondria free cells [9]. EVs
transfer of mitochondria has been associated, also, with the maintenance of cell
homeostasis and cell-to-cell communication. Phinney et al. linked mitophagy, a
particular form of autophagy that involves mitochondria, with the transfer of
mitochondria to macrophages. The internalization of mitochondria enriched EVs
produced by MSCs increased the energy production of macrophages. At the same
time, they observed that the exchange of microRNA between macrophages and
MSCs downregulated TLR expression and inflammatory signaling, suggesting the
presence of tolerance systems used by host cells to allow the absorption and

entrance of external mitochondria [10].
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The nervous system is particularly susceptible to mitochondria disruption, and for
this reason PMT has been extensively studied in neurons and astrocytes. Different
studies reported that PMT allows cells to get rid of unfunctional mitochondria,
replacing them with functional ones. This mechanism not only protects neuronal
cell from damage but also allow the recycle these organelles in other cells, a process
called transcellular degradation or transmitophagy. In transmitophagy, neurons tend
to outward cellular structures rich in mitochondria; these structures are captured by
astrocytes and the mitochondria recycled. The mechanisms behind transmitophagy
are unclear, but some evidence suggests that damaged axons could stimulate the
process. According to the work of Davis et al, the transport of mitochondria back
in the axonal soma could be energetically disadvantageous, thus mitochondria are

simply transferred to near astrocytes [11].

Other than TNTs and EVs, mitochondria can be transferred through extrusion in the
extracellular microenvironment without any carrier, to be internalized by host cells.
Mostly, this extrusion of mitochondria occurs as a quality control mechanism or as
a danger signal when the cell is under stress. Nakajima et al. described that damaged
mitochondria can be extruded from TNFa-induced dying cells by fusing with the
plasma membrane in a caspase-dependent manner [12]. In some cases, free
mitochondria extruded from stressed cells were also indicated as a special danger

signal to provoke inflammatory responses.

In conclusion, the principal routes of PMT are:

- TNT, a membranous tubular protrusion that extends from the plasma

membrane, with a variety of diameters between 50 and 1500 nm and lengths
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from several tens to hundreds of microns. TNT is the most popular route of

mitochondrial transfer between the connected cells (fig. 5 A).

- Dendrite is another form of the membranous protrusion. Some cells with

dendrites (e.g., osteocytes) are connected to each other via intrinsic
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Figure 5. Routes of physiological mitochondrial transfer. A. Tunnelling nanotubes
(TNTs), long protrusion between a cell and another. B. Dendrites, cellular extrusions
similar to TNTs. C. Microvesicles, formed by blebbing of the cellular plasma membrane.

D. extrusion and internalization of mitochondria, without any carrier.
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dendrites to form an intercellular network, which provides a highway for
mitochondrial transfer (fig. 5 B).

- Microvesicles formed by blebbing of the cellular plasma membrane were
reported as another route for mitochondrial transfer (fig. 5 C).

- Free mitochondria alone can be extruded or internalized without carriers,
which provides a possible route for intercellular mitochondrial transfer (fig.

5 D).

Muscle tissue
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Figure 6. Graphical visualization of artificial mitochondrial transfer (AMT). Respiration-
competent mitochondria can be isolated from different sources, as skeletal muscle tissue,
stem cell, or from cultured cells. After a rapid isolation process, mitochondria are co-

incubated with damaged cells in order to restore these cells or protect them from damage.
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Artificial Mitochondrial Transfer
The artificial mitochondrial transfer (AMT), also named mitochondria transplant or
mitochondrial transformation, is the use of mitochondria isolated from healthy cells

as a possible mechanism of cellular repair or protection (fig. 6).

The very first transfer of mitochondria from one cell to another was conducted by
Clark and Shay in 1982. They used the antibiotics chloramphenicol (CAP) and
efrapeptin (EF), which inhibit the mitochondria’s protein synthesis and ATPase
function in order to kill sensitive fibroblasts. They, then, selected the fibroblast
resistant to CAP and EF. The transfer of isolated mitochondria from CAP and EF-
resistant fibroblasts through co-incubation increased the survival of the recipient
cells, which were sensitive to these antibiotics. Mitochondria transferred from
sensitive cells failed to confer resistance to recipient cells, excluding the possibility
that higher mitochondria concentration could decrease CAF and EF damage.
Interestingly, the failure of AMT with other cell types suggests that this process is
not equally efficient among different cell types and that some cells may be more
receptive than others [13]. In 1988, King and Attardi developed the first AMT
technique using invasive instruments; they injected exogenous mitochondria
isolated from CAP resistant cells into sensitive human cells. This study
demonstrated that the injection of just one mitochondrion could very quickly
repopulate a cell depleted of its endogenous mitochondria [14]. One of the first
profs of the possible therapeutic potential of AMT came from the work of Pinkert
et al.; they used microinjection to transfer mitochondria isolated from the livers of

Mus spretus to fertilized oocytes taken from Mus musculus. After 4.5 days in
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culture, Pinkert et al. detected xenogeneic mitochondria DNA sequences in the
recipient cells, thereby demonstrating that xenogeneic mitochondria from closely
related species are able to survive in recipient oocytes for at least a limited time
[15]. In 2007, Yoon et al. demonstrated that mitochondria from different origins
can fuse together, supporting the effectiveness of AMT. Firstly, they fused the cells
with polyethylene glycol (PEG). Then, they labeled human and mice mitochondria
differently (mtGFP and mtDsRed, resp.) and observed a mix of the two types of
mitochondria 45 min after adding the PGE and fusion of the mitochondria of all

hybrids at 4 h [16].

In order to improve the efficiency of AMT, various groups have tried to use
chemical compounds and/or physical methods. In 2013, Margus et al. used Pep-1,
a cell-penetrating peptide to foster mitochondria internalization. The mix of Pep-1
and isolated mitochondria increased the efficiency and the amount of mitochondria
transferred [17]. Another method to increase AMT efficiency is the so-called
mitoception created by Caicedo’s group. This technique adds to AMT two other
steps: centrifugation and a thermic shock. Mitoception allowed the constant and
reproducible increase of mitochondrial uptake by the recipient cells proportionally
to the material added. However, they observed that treated cells cannot constantly
incorporate mitochondria without harming their functional properties, highlighting

a possible functional threshold of the internalized mitochondria [18].

A series of evidence of the therapeutic potential of AMT in vivo came principally
from the works of McCully’s team. The rationale behind their works is that the

replacement of affected mitochondria with healthy ones would significantly
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improve recovery from ischemic injury. In 2009, McCully et al. proved for the first
time that mitochondria can be used to repair damaged tissues in a rabbit model of
IRI. They induced ischemia in the heart of rabbits by occluding the left coronary
artery using the Langendorff perfusion allowing to test the contractile strength and
heart rate. Then, they injected either a vehicle, vehicle with mitochondria or
mitochondria alone which had been thawed after an overnight period at —20°C in
the presence of the vehicle. These were injected directly into the ischemic zone just
before reperfusion. Interestingly, they observed that the infarcted area was reduced,
and the functional recovery increased after injecting mitochondria combined with
the vehicle. This was not observed in the tissue only injected with mitochondria
isolates, meaning that mitochondria must be active in order to serve therapeutic

functions [19]. Furthermore, they reported the first
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Figure 7. In the work of of Emani et al. a novel strategy to repair and replenish damaged
mitochondria, termed mitochondrial autotransplantation, has been developed in which
healthy autologous mitochondria harvested from nonischemic skeletal muscle are
transplanted into injured myocardium. A. Biopsy of nonischemic skeletal muscle. B.

Injection of autologous mitochondria into the myocardium with an insulin syringe.
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clinical application of mitochondrial autotransplantation for myocardial recovery in
pediatric patients who were supported by extracorporeal membrane oxygenation
(ECMO) due to ischemia reperfusion injury. Although some issues concerning the
dose and route of mitochondrial transplantation still need to be optimized, their
primary results were encouraging, as four of the five patients showed improvement

in their ventricular function and were successfully separated from ECMO support

[20] (fig. 7).

The efficacy of AMT in the treatment of ischemia was further demonstrated by
Masuzawa et al. They isolated mitochondria from the pectoral muscle of the same
rabbit used for the ischemic shock (autologous transfer). After a follow-up of 28
days, infarct marker levels decreased and the generation of precursor metabolites
for energy and cellular respiration increased. Interestingly, they also found that
mitochondria were internalized by the cardiomyocytes 2 hours after transplantation,

with cardioprotective effects after 28 days [21].

The mechanisms of internalization of isolated mitochondria during AMT have been
extensively discussed, but, to date, they remain unclear. Kitani et al. and Kesner et
al. proposed macropinocytosis as the basis for mitochondrial internalization [22],
[23]. Macropinocytosis is a particular pathway of endocytosis characterised by the
nonspecific internalisation of large amounts of extracellular fluid, solutes, and
membranes in large endocytic vesicles. There are multiple pathways of

macropinocytosis utilised by different cell types, and some of these pathways are
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triggered by different stimuli. Notably, not all the cell types are able to do
macropinocytosis, and that could partially explain why the AMT can vary among
different cell types or tissues. McCully’s team, however, observed that the transfer
of mitochondria and their in vivo internalization was mediated by actin-dependent
endocytosis and not by macropinocytosis. The use of different inhibitors to stop
endocytosis and TNTs greatly decreased the uptakes process [24]. Further assays
need to be developed in vivo to fully understand the process of internalization
related to AMT, possible heterogeneity across different tissues, and the effects of

the transfer of mitochondria to harmed tissue.

Methodology of Mitochondria Isolation and Characterization

A critical point of AMT is mitochondria isolation. Mitochondria, in order to be
absorbed efficiently, must be viable and respiration competent. In fact, during and
after isolation, these organelles are particularly susceptible to several physical and
chemical factors. Freezing and thaw cycle tend to disrupt the outer membrane, and
thus the mitochondria should be used “fresh” for each experiment. The isolation
must be performed in a specific medium; conventionally, in a sucrose/mannitol-
enriched isosmotic medium with a physiological pH. The temperature of extraction
is a fundamental parameter. The isolation and storage at 4° C greatly improve the
efficiency and the quality of the mitochondrial isolation. Another important
parameter to consider is the quantity of mitochondria used for ATM. There is great
heterogeneity in the literature regarding the quantity of mitochondria, signifying the

importance to consider the influence cell-source could have on the number of
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mitochondria used per host cell. For instance, McCully used 9.7 x10° + 1.5 x10%ml
of mitochondria isolated from healthy hearts in injections of 0.1 ml, eight times into
the affected zone of the ischemic hearts [20]. Instead in their study, I-Rue Lai et al.
used a concentration of 7.7 x106 + 1.5 x10%/ml of mitochondria isolated from
healthy livers in one injection of 0.1 ml into the subcapsular region of the spleen
poles [25]. Although each concentration yielded therapeutic benefits, neither was

established as the optimal injection concentration.

As mentioned before, there are different techniques and methodologies to extract
and characterize isolated mitochondria. In the next part of the chapter, the isolation

protocols and the characterization methodologies will be briefly analysed.

Mitochondria Isolation Protocols

To date, there are several different protocols or commercial kits that can be
used to isolate mitochondria for AMT. Interestingly, there are few
differences between in vitro and in vivo isolation protocols and are mostly
related to tissue homogenization and the preliminary isolation of cells. As
mentioned, in order to develop an efficient protocol for mitochondria
isolation suitable for AMT, a balance between the grade of purity and the
timing of isolation must be assessed. In any case, low temperature is

mandatory, and mitochondria must be transferred as soon as possible.

The great part of the available protocols begins with the scraping of the cells
or the homogenization of the tissue. This phase must be a good compromise

between homogenization of the cells and the preservation of mitochondrial

30



integrity. After this passage, a first centrifugation at low speed (usually 600-
800g) is performed, in order to seed and thus eliminate all debris,
membranes, and nuclei. Then, the supernatant is collected and centrifuged
again at faster speed (7000 to 9000g). This centrifugation allows to pellet
only mitochondria and similar size debris, eliminating all the other possible
sources of contamination, including exosomes and microvesicles. The
obtained pellet is resuspended in precooled respiration buffer, formed by
various carbohydrates (usually glutamate, sucrose, or glucose) dissolved in
water at physiologic pH. This buffer allows mitochondria to work in an

extracellular environment and preserve their functional characteristic.

Isolated Mitochondria Characterization

The functional characterization of isolated mitochondria is fundamental for
a valuable transfer of mitochondria. Notably, the characterization must be
performed immediately after isolation, to protect their integrity; in fact, the

-20/-80 °C storage is able to disrupt the external mitochondrial membrane.

One of the easiest ways to assess mitochondria viability is to marker them
with Mitotracker. a fluorescent dye absorbed only by mitochondria with a
differential in membrane potential. This potential allows mitochondria to
work correctly and thus only viable mitochondria are able to retain the dye.
However, mitotracker staining alone is not sufficient to determine the
functional viability, because some dye could enter also in damaged

mitochondria, with very low differential potential among the membranes.
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For this reason, other analyses, as the ATP production evaluation, are

required.

Other useful markers of isolated mitochondria viability are molecules
produced, or consumed, by active mitochondria. The analysis of O
consumption is commonly used for this purpose, as well as the evaluation

of malate or succinate, molecules produced during the TCA cycle.

Another technique to evaluate isolated mitochondria can be the
morphological evaluation through transmission electron microscopy. To be
identified as morphologically intact, mitochondria must result rounded, and

the internal cristae must be well visible.
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Abstract

Purpose of Review In the current work, we will present the characterization of the main different stem cell-denived vesicular bio-
products with potential application in organ regeneration.

Recent Findings The therapeutic effects of stem cell therapy in organ repair, specifically those utilizing mesenchymal stromal
cells, are largely dependent on the cells’ release of different bio-products. Among these bio-products, extracellular vesicles (EVs)
appear to play a major role due to their ability to carry and deliver bioactive material for modulation of cellular pathways in
recipient cells. Concurrently. mitochondria transfer emerged as a new mechanism of cell communication. in which the bioener-
getics of a damaged cell are restored. Finally. apoptotic bodies released by dying apoptotic stem cells contribute to stimulation of
the tissue’s stem cells and modulation of the immune response.

Summary Exploitation of isolated extracellular vesicles, mitochondria and apoptotic bodies in preclinical models of organ
damage shows promising results, Here, we describe the results of the pre-clinical applications of stem cell vesicular products,
as well as the first clinical trials approaching artificial administration of extracellular vesicles and mitochondnia in human subjects
and their possible benefits and limitations.

Keywords MSC - Regenerative medicine - MicroRNA - Exosomes - Microvesicles - Mitochondrial transfer - Apoptosis

Introduction

Organ failure is the most frequent cause of morbidity and
mortality recorded in Europe and in the United States in recent
decades. Organ dysfunction can be autributed to fibrosis, a
pathological feature of many chronic inflammatory discases,
as its extensive remodelling of tissues leads to functional in-
sufliciency [1]. The burden associated with fibrosis is discon-
certing, representing in the United States almost half, and in
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the industrialized world about 30%, of'all deaths attributed to
fibrotic heart, lung, kidney and liver discases [1, 2]. In
addition, episodes of acute tissue injury. especially if severe
and repeated. are closely associated to development of chronic
organ discase [3].

It has therefore become of increasing interest in Regenerative
Medicine to limit the progression of fibrosis, promote restoration
of organ function in chronic settings and support organ repair
after acute injury to regain tissue integrity. In this context, increas-
ing studies underline the role of stem cell bio-products, including
secreted soluble factors and extracellular vesicles (EVS), as pow-
erful instruments in organ regeneration. EVs, in particular, have
been proposed as a new form of intracellular messaging through
their ability to reach distant organs and deliver the active cargo
necessary for reprogramming of the target cells. In addition, EVs
released by apoptotic cells, including apoptotic bodics
(ApoBDs), are recently emerging as part of the therapeutic and
immune-modulating mechanisms of injected stem cells within
injured tissues [4] (Fig. 1).

Finally. stem cell therapy involves the transfer of mitochon-
dria, the organclles responsible for cellular energy production,
from stem cells to damaged cells. Mesenchymal stromal cells
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Fig. 1 Presentation of apoptotic
and healthy cell secretome

(MSCs) are shown to transfer mitochondria to the recipient
cells in different ways: encapsulated within EVs [S]: via cell-
to-cell direct communication through tunnelling nanotubes: or
through direct release of “naked™ mitochondria into the extra-
cellular microenvironment [6]. The organelle incorporates in-
to the endogenous mitochondrial network of the damaged
recipient cell that needs to be rescued, restoring its bio-
energetic profile and health [7].

In this review, we will present the recent knowledge on
mechanisms of action involved in the therapeutic effects of
healthy and apoptotic EVs, as well as of mitochondria transfer,
and the exploitation of these bio-products in preclinical
maodels of organ damage. Finally, we will deseribe the first
clinical tnals approaching their use on human subjects and the
possible benefits and limitations.

Extracellular Vesicles

Since the *discovery” of EVs in blood plasma in 1946 by
Erwin Chargaff and Rudolph West [8], interest in those
cells-to-cell communicators has risen in almost all fields
of biology and chemistry. EVs have been proven to natu-
rally occur in prokaryotes, cukaryotes, plants and cells.
EVs are membrane-bound. spherical particles enclosed
in a lipid bilayer. In biological samples, EVs originate

Q) springer

Apoptotic cell

Healthy cell

from their parental cell, taking up their internal and exter-
nal composition. Guidelines from the International
Society for Extracellular Vesicles (ISEV) classify three
main categories of EVs: exosomes also named small
EVs (~30-250 nm), large EVs or microvesicles (~100
1000 nm) and ApoBDs (>1 pum) [9+]. Small EVs and
microvesicles are released from metabolically active cells,
whereas ApoBDs are exclusively produced during cell
apoptosis [10] (Fig. 1),

The content of an EV is dependent on its origin, size and
the route of biogenesis. EV surface markers and cargo are
specific to the three types of vesicles (Table 1) and are most
commonly associated with the route of vesicle formation. The
process of exosome formation begins with inward budding of
carly endosomes and formation of intraluminal vesicles; this
involves the ESCORT complex. ALIX and suscepti-
bility gene 101 (TSG101), all of which are responsible for
cargo sorting. Intraluminal vesicles mature into multi-
vesicular bodies, followed by fusion with the cell membrane
and release of vesicles into the extracellular environment.
Altematively, multi-vesicular bodies are degraded by lyso-
somes and their components recycled. Exosomes are distin-
guished by the presence of all three tetraspanin markers re-
sponsible for induction of membrane curvature (CD9. CD63
and CD81). Proteins that can be detected and are involved in
exosome biogenesis include Rab, GTPases, annexin, flotillin,
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Table 1 Comy size and biogenesis route of EVs

Vesicle type  Ongin Size Markers Components

Exosomes Endolysosomal pathway; 30-250 CD9, CD63, CDS1 ESCORT mRNA, miRNA and other non-coding RNAs:
fusion of MVB with cell nm components, TSG101, flotillin, b and cytoplasmi ins, lipids,
membrane Annexin receplons

Microvesicles  Cell membrane: bud off directly  100-1000 CD40 mRNA, miRNA and other non-coding RNAs:
from cell surtace nm brane and cytoplasmic proteins, lipids,

receplors
Apoptotic Cell Membrane: membrane >lpm Phosphatsdylserine, Calreticulin, Nuclear fragments and cell organelles
bodies blebbing during apoptosis Calnexin

ALIX. TSGI01, VPS4, heat shock protein (HSP70) and the
ESCORT complex [11].

Microvesicles are formed by direct budding from the cell
plasma membrane with involvement of cytoskeleton compo-
nents and fusion machinery. though the process is not yet fully
understood. Due to their biogenesis pathway, microvesicles
are primarily composed of a plasma membrane and of
cytosalic-associated proteins. Other commonly found compo-
nents include heat shock proteins. integrins, post-
translationally modified proteins and RNA species. Several
structural components are shared between exosomes and
microvesicles due to their similar release pathways and origin
[1).

EVs have been designated as novel cell-to-cell communi-
cators due to their effect on cells on a paracrine and endocrine
level, specifically through the direct stimulation of cell surface
receptors and transfer of bioactive molecules. Indeed, EV sur-
face receptors may act as signalling complexes and directly
stimulate target cells or, altematively, transfer functionally ac-
tive receptors from one cell to another. For instance. bystander
B cells can acquire antigen receptors from activated B cells
becoming specific activated antigen presenting cells for CD4
Teells [12].

In addition, the presence of a complex cargo (miRNA,
RNA. proteins, lipids, cytokines and mitochondria) within
EVs results in a multilevel modulation of cell functions in
the recipient cells [13, 14]. Small RNA species, including
miRNA, are present within EVs and, interestingly, recent
studies found that the overall pattem of miRNA content of
small and large EVs appears similar but distinctly different
from that of the originating cells [15++]. implying specific
mechanisms of miRNA packaging into EVs. Moreover. ex-
tensive proteomic studies on EVs originating from cell cul-
tures, tissue cultures and isolated bio-fluids have shown a
significant EV protein content. Online databases created
through the collaboration of EV research groups provide us
with catalogued EV components, such as Exocarta, (wwiw.
exocarta.org), EVpedia (www.evpedia.info) and Vesiclepedia
(www.microvesicles.org). EVs contain many common
proteins involved in vesicle trafficking and serving as part of

the cytoskeleton and the plasma membrane. Furthermore,
specific protein content reflects the EV mechanism of
generation and origin, as well as the cellular state of the EV
onginating cell. Finally, in addition to the structural functions
of lipids in EV membranes, bioactive lipids such as
cicosanoids, faity acids and cholesterol are transferred by
EVs to recipient cells, For instance. sphingomyelin has been
shown to regulate angiogenesis in vitro and in vivo in tumour
denived EVs [16].

Apoptotic EVs

Apoptosis is commonly known as programmed cell death. An
apoptotic cell undergoes several morphological changes:
membrane blebbing, membrane protrusion formation and
generation of ApoBDs [17-19]. The membrane of ApoBDs
reflects the main changes occurning in the cell surface of the
apoptotic cell. In particular, apoptotic cells express markers
promoting their removal by surrounding cells or macrophages
before the cell membrane ruptures [20]. For instance,
Calreticulin, an “cat me™ ligand is physiologically silenced
by the CD47 “don’t cat me™ ligand; and only expressed by
cells and ApoBDs when CD47 is downregulated [21). The
size of ApoBDs ranges from | pum to 5 pum [22, 23]. This
characteristic is similar to oncosomes (EVs secreted by cancer
cells), but the biogenesis of these vesicles differs [24]. The
number of ApoBDs produced per cell was quantified as
12.87 + 3.23 per hour [25¢¢]. In comparison, the average num-
ber of released EVs by mesenchymal stem cells was found be
in the range of 2900 per cell. ovemight [26).

During apoptosis, apoptotic microvesicles 0.1-1 pm in di-
ameter and small exosome-like EVs are released [27, 28],
However. these vesicles are less characterized than the
ApoBDs.

ApoBDs are characterized by the presence of externalized
phosphatidylserine and by a permeable membrane, As men-
tionad above, they express phagocytosis-promoting signals,
such as calreticulin [21] and calnexin [29]. In addition,
ApoBDs express chemokines and adhesion molecules, such
as CX3CL/fractalkine and ICAM3, and MHC class Il
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molecules, allowing for direct antigen presentation to CD4* T
cells and activation of immunological memory [30]. The car-
2o of ApoBDs consists of cellular components enclosed dur-
ing protrusion. Due to this fact, the content of ApoEVs can be
very diverse. Indeed. ApoBDs can contain microRNAs, RNA
and DNA. Diversity of ApoBDs content affects their physio-
logical properties. ApoBDs can be subdivided into two
groups: DNA-carrying ApoBDs and cytoplasm-carrying
ApoBDs. 5' phosphorylated blunt-ended DNA can be used
as a distinctive marker of DNA-carrying ApoBDs because it
is exclusively found in ApoBDs, which undergo apoptosis
and contain the DNA fragments [31].

Mitochondria

While mitochondria are widely considered the powerhouse of
the cell, as they are responsible for ATP production through
oxidative phosphorylation. these organelles are also involved
in several other pathways. They serve a role in pluripotent
stem cell maintenance [32], apoptosis and cell death regula-
tion and proliferation capacity through complex interactions
between p33 and reactive oxygen species (ROS) production
[32]. Energy deprivation and mitochondria dysfunction has
been strictly associated with end stage organ disease [33].
Therefore, while metabolic pattems and mitochondria con-
tents can strictly vary among the organs, it appears evident
that mitochondnial alterations are closely correlated with most
of the clinical conditions that lead to organ failure [34, 35].
As mitochondna do not possess an efficient DNA-repair
system [36). these organelles are typically recycled through
mitophagy. a form of autophagy [37]. Morcover. the transfer
of respiration-competent mitochondria from cell to cell
emerged in the past few years [6] as a mechanism of damage
repair or cell reprogramming [38]. The physiological mito-
chondria transfer is a biological phenomenon in which the
organelle from a healthy donor cell is relocated into a stressed

recipient cell, resulting in repair and survival of the damaged

damaged lungs. These MSCs homed in the damaged tissue
and produced microvesicles containing the labelled mitochon-
dria 4 h post-injection. The microvesicles were then directly
transferred into the damage lung cells, resulting in the restora-
tion of their ATP concentrations and secretory responses [38],

PMT has also been observed through the establishment of
wnnelling nanotubes (TNTs) [6]. TNTs are filamentous connec-
tions formed by protrusions of a cell’s membrane and are used
to share organclles and contents of the cell’s cytoplasm with
other cells [41]. The utilization of TNTs in PMT has been
observed in transfers between MSCs and macrophages. which
served to enhance macrocytosis and activate antimicrobial re-
sponse [42]. Morcover, Sinclair ¢t al. demonstrated that the
transfer of mitochondnia via TNTS is essential due to the regen-
erative capacity exerted by MSCs [41]. However, the role and
mechanism of PMT through the establishment of TNTs is poor-
ly understood. The last and least known mechanism of PMT is
the direet release of mitochondria in the extracellular microen-
vi usually in response to cell stress. “Naked™ mito-
chondria can be encapsulated in a vacuole and then extruded
by apoptotic cells, specifically hepatocytes [43]. Similarly,
platelets can rel respiration-competent mitochondria as a
mediator of innate immune response [44).

Therapeutic Effects of EVs, ApoBDs
and Mitochondria for Organ Regeneration

EV Reprogramming of Injured Tissue

Following the emerging interest of stem cell therapy. an in-
creasing number of rescarch and ph eutical groups are
focusing on stem cell derived EVs, specifically MSC-denved
EVs, as a new form of therapeutic agents for organ regenera-
tion and protection [45-48]. Duc to the ability of MSC-
derived EVs to transfer therapeutic molecules, such as
mRNAs, miRNAs and protein, and several of their
regenerating effects to MSCs, this source of EVs is onc of

cell. During this process, the mitochondria’s small size and
plasticity allow it to be transported from donor to recipient
cells through porting mech such as tunneling
nanotubes and microvesicles. The organelle is ev lly in-
corporated into the endogenous mitochondnal network of the
recipient cell that needs to be rescued, restoring the cell to its
bio-energetic profile and health [39).

The incorporation of respiration-competent mitochondnia
within released microvesicles has been extensively studied in
MSCs, where, once intemnalized, mitochondria-containing
microvesicles can rescue cells from injury or act as
reprogramming factors [5. 40+, In 2012, Islam et al. demon-
strated that mitochondria can be transferred in vivo through a
mouse model of acute lung injury [38]. Firstly, mitochondria-
labelled MSCs were administered by injection into the
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the most studied in Regenerative Medicine, Morcover,
MSCs produce a higher number of EVs in comparison with
other stem cells [49]. MSC-derived EVs were proven to mod-
ulate the immune system and stimulate regeneration in a mul-
titwde of preclinical models, including graft-versus-host-dis-
ease, lung, liver. kidney and cardiovascular injury [45]. There
are a significant number of studies describing the pro-
regenerative effects of stem cell-EVs for organ regeneration,
but it is not within the scope of this review to detail all the
different preclinical models of application.

As detailed above, the therapeutic effect of stem cell-EVs on
organ repair is related to transfer of pro-regenerative proteins or
microRNAs. For instance, although numerous factors have
demonstrated the therapeutic effects of different EV models
and origins, not a single agent emerged as pivotal or
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indispensable. Therefore, it can be hypothesized that not a single
factor, but rather a synergic and multi-target action of EV com-
ponents is responsible for the therapeutic EV results. Indeed. the
common and characterizing action of therapeutic MSC-EVs can
be deseribed as a reprogramming activity on tissue expression
profiles. For instance, in models of kidney and liver injury [26],
the expression profile of the EV-treated discased organ, as
assessed by RNA sequencing. correlated with that of the normal
tissue. Moreover, in models of chronic tissue injury, an upregu-
lation of anti-fibrotic genes and downregulation of pro-fibrotic
genes was common 1o the different discases as well as stem cell
sources [50. 51). Through modulation of their phenotype and
subsequent secretomes, therapeutic utilization of EVs may ben-
efit from an in vitro stimulation or manipulation of the g -
ing cell source. For instance, ischemic or hormonal stimulation
may ameliorate EV activities [52-54]. In addition, EV adminis-
tration for chronic diseases might require multiple administra-
tions. The possible development of immune reactions in this
setting has not yet been studied in depth.

Regenerative Effect of Apoptotic Body Phagocytosis

Due to the rapid clearance of damaged cells by immune cells.
namely phagoeyies, ApoBDs play a major role in immune reg-
ulation [30. 55]. ApoBDs are emerging as a pivotal tool in cell-
to-cell communication between damaged and healthy cells,
therefore modulating mechanisms of organ repair. Indeed.
ApoBDs may stimulate proliferation of resident
stemy/progenitor cells, improving tissue regeneration and replac-
ing damaged cells [25++, 56]. For instance. phagocytosis of the
ApoBDs by hepatic stellate cells can promote their differentia-
tion and increase their cell survival [57]. Moreover, ApoBDs’
engulfment may support MSC homeostasis. In particular, sys-
temic infusion of exogenous ApoBDs was able 1o rescue apo-
ptotic MSCs by transferming RNF 146 and miR-328-3p and ac-
tivating the Wnt/f-catenin signalling [58¢). In parallel, in
zebrafish, dying epithelial stromal cells of the epidermis were
observed to generate Wnt8a enriched ApoBDs, supporting the
hypothesis of ApoBDs being biologically active vehicles in
cell-to-cell communication [25¢¢]. Neighbouring p63-positive
stromal cells engulfed the ApoBDs, which caspase-
dependently activated Wnt signalling and stimulated cell pro-
liferation and tissue homeostasis over 24 h. In this model, inhi-
bition of apoptosis significantly reduced the number of prolif-
erating stromal cells. On the contrary, overexpression of the
Wnt pathway in combination with apoptosis induced a signifi-
cant increase of stromal cell proliferation [25e].

ApoBDs can deliver microRNAs, DNA and other genetic
material to target cells, resulting in a multitude of different
cffects. For example. miRNA-126. present in endothelial
ApoBDs. promoted chemokine CXCL12 expression in
healthy endothelium, and repeated administration of those

ApoBDs in mice with atherosclerosis induced an athero-
protective effect [46].

Although the use of ApoBDs generated in culture as ther-
apeutic has not yet been tested, their role appears of increasing
interest in the field of Regenerative Medicine.

Artificial Mitochondria Transfer

In recent years, artificial mitochondrial transfer (AMT)
emerged as a new possible therapeutic option for tissue repair.
AMT has been intensively investigated in cardiac discase
madels. Ina rabbit model of cardiac IRI, the injection of viable
respiration-competent mitochondria, isolated from donor rabbit
cardiac or muscular tissucs, was able to significantly reduce the
infarct size arca, kinase MB, candiac troponin-1 and apoptosis in
the regional ischemic zone [47, 48). AMT has also been recent-
ly tested in a mouse model of heterotopic heart transplantation:
mitochondria isolated from gastrocnemius muscle were
autologously administrated in the heart coronary ostium before
and after the transplant. Within 24 h after transplant, necrosis
and neutrophil infiltration were significantly decreased com-
pared with the vehicle-treated group. Moreover, the mitochon-
drial treatment significantly enhanced the beating score after
transplant [59]. Interestingly, these papers demonstrated both
in vitro and in vivo that fully differentiated cells can be used
as a source for the mitochondrial injection.

Moreover, transfer of mitochondria, mainly derived from
MSCs. has been proven effective in other pathologic models
involving liver, brain and Kidney. In a rat model of liver IRI,
the intra-splenic administration of MSC mitochondria mitigat-
ed the necrosis of hepatocytes as well as reduced the expres-
sion of mitochondrial-induced apoptosis markers [60]. In the
kidney. the effectiveness of AMT was demonstrated by rescue
of damaged renal proximal tubular cells, In vitro, the admin-
istration of MSC-denived mitochondria reduced ROS produc-
tion and increased the expression of the tubular marker
megalin and mitochondrial superoxide dismutase 2, whereas
in vivo, both the tubular basement membrane and brush bor-
der were protected [61]. Morcover, in normal mice. the ad-
ministration of mitochondria improved endurance during
forced swimming test. Finally. AMT has also been used
in vivo in a murine model of Parkinson's discase and in vitro
for the regeneration of damaged hippocampal cells [62, 63].

Although of great novelty, these therapeutic approaches
have already started to be applied in the human setting.

Clinical Trials Involving EVs and Mitochondria
Transfer
All the clinical trials conceming MSC-EVs and ATM can be

found at www.clinicaltrails.gov. Although the majority of
listed trials focus on the diagnostic properties of EVs, there
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are five trials testing the therapeutic applications of MSCs-
EVs and two proposing the use of ATM (Table 2).

A first trial is designed to test the anti-inflammatory proper-
ties of umbilical cord derived MSCs-EVs to prevent the de-
struction of pancreatic B-cell islets. The MSCs-EVs will be
administered intravenously in two doses, the first dose of
exosomes and, after seven days, the second dose of
microvesicles (NCT02138331). Two other clinical trials using
EVs will mvolve allogencic MSCs-EVs. One of them will ad-
minister EVs enriched by miR-124 for the treatment of acute
ischemic stroke (NCT03384433). The second clinical trial will
attempt to treat lesions in patients affected by dystrophic
epidermolysis bullosa (NCT04173650). The last clinical trial
using EVs that is in the recruiting phase focuses on promoting
the healing and recovery of refractory macular holes through
direct injection of MSC exosomes to the site of the injury
(NCT03437759). Finally, the only concluded il to date used
umbilical cord derived MSCs-EVs to inhibit the progression of
chronic kidney disease in patients with grade [11-1V CKD [64].
The study showed stabilization of the discase progression. as
confirmed by stable levels of glomerular filtration rate, serum
creatinine and blood urea in treated patients, and an increased

level of anti-inflammatory factors (TGF-$1 and IL-10) in com-
parison with the matching placebo group.

The first clinical trial using administration of isolated mito-
chondria for the treatment of myocardial IRI has also been
concluded with positive results [63]. Mitochondria were isolat-
«f from non-ischemic skeletal muscles and injected in the myo-
cardium of paediatric patients with myocardial IRL No adverse
effects were detected afier AMT. and four out of five patients
demonstrated an enhancement in ventricular function [65].

Other clinical trials using AMT are focused on the im-
provement of infertility treatments (Table 2). Through autolo-
gous micro-injection of mitochondria prior to intra-
cytoplasmic sperm injection, the patients” oocyte quality was
enhanced. In the first trial, concluded in 2017, mitochondria
were isolated from autologous ovarian stem cells and directly
injected into the oocytes themselves. To date. no results have
been published. Embryo quality has been quantified through
the pregnancy rate afier treatment and morphological evalua-
tion of the treated embryos. In the second clinical trial, which
is still ongoing. mitochondria will be isolated from autologous
bone mamrow-MSCs and administrated i diately before
intra-cytoplasmic sperm injection in the oocytes. Live birth

Table 2 Curmrent clinical trials conceming the use of EVs or AMT as therapeutic agents

Intervention N.pts Follow up State Location Number/Ref.
Diabetes Mellitus type |1 Two doses of 20 3 months  Unknown Sahel Teaching NCTO2138331
MSC-EVs Hospial Sahel,
Cao, Egyp
Chronic kxdney Two doses of 20 1 year Concluded Sahel Teaching Nassar ct al.
discase umbilical cord Hospital Sahel.
MSC-EVs Cairo, Egypt
(100 pgkg/'dose)
Molecular 2050 mg of cord 44 24 weeks  Recruiting Thanjin Medical NCTO3437759
degencration tissue MSC-EVs University
mjected directly Hospaal Tuanjin,
around macular hole China
Cerchrovascular Allogeneic MSC-EVs 5 12 months  Not recruiting vet  Shahid Beheshtn NCTO3384433
disorders acute ennched by miR-124 University
ischemic stroke of Medical
Sciences, Tehran,
Iran
Dystrophic Epad lysis Bullosa  Allog MSC-EVs 30 2 months  Not recruiting yet Aegk Therapeutics, NCTO4173650
appliad directly to Miami. Florida
Iesions, blisters for USA
60 days
Repetition failure Clinical Application of 30 2-3yers  Not recruiting yet NCTO3639506
Autologous
Mitochondna Transfer
for Improving
Oocyte Quality,
Infertility Amelioration of oocyte 59 Smonths  Concluded Valencia, Spain NCT02586298
quality using autologous
mitochondria transfer
IRI Autologous mitochondrial 5 6 days Concludad Boston, MA, USA  Emani etal.
transfer for dysfunction
after ischemia-reperfusion injury
&) Springer
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rate. pregnancy rate, number of oocytes retrieved and fertility
rate are going to be evaluated.

Conclusion

Numerous discoveries within the Regenerative Medicine field
have highlighted the bioactivity of stem cell bio-products and
their role in cell-to-cell communication. In particular, EVs are
the most advanced as potential therapeutic agents due to their
ability to modulate the function of targeted cells. Together
with stem cell-EVs, proven to be of therapeutic effect in a
large variety of pre-clinical models. ApoBDs and AMT can
be utilized for selected and specific applications.

The major issue with use of EVs in clinical practice is the
standardization of EVs isolation, usage and storage. However,
once those issues can be overcome, using EVs as therapeutic
agents provides solutions to numerous complications caused
by stem-cell therapy. including immune compatibility,
maldifferentiation and tumourigenicity. EV therapy allows
for dosage control, evaluation of safety and potency equiva-
lent to phammaceutical agents. In comparison to stem cell ther-
apy. EVs are potentially an casier option as they can be direct-
ly obtained from the medium of cultured cells, massively pro-
duced and stored without the application of toxic cryo-
preservative agents and/or loss of EV potency [66]. The bio-
logical propertics of EV allow for modification of the EV
content to obtain desired cell-specific effects. Encapsulation
of effector molecules (nucleic acids, lipids and proteins) by
EVs allows delivery of its cargo without the risk of degrada-
tion. Genetically modified EVs may offer a more effective and
natural solution than usage of FDA-approved lipid nanoparti-
cles, which pose a low-dose toxicity upon cell entry [67].

The application of ApoBDs is still poorly explored. as
several aspects still require further investigation. For in-
stance. apoptotic vesicles are quite heterogencous and
may have different compositions and properties depend-
ing on their size. While EVs released by primary murine
aortic endothelial apoptotic cells enhanced inflammation
in mice transplanted with an MHC-incompatible graft,
ApoBDs did not show this behaviour [28]. Therefore. as
increasing experimental evidence suggests, the therapeutic
effects of stem cells are due to their ¢learance by the
immune system [4, 68]. For this reason, therapeutic utili-
zation of these cell products appears of interest.

Finally, the use of MSCs as a source of mitochondna for
AMT is a novel, therapeutic option that shows regenerative
effects in the treatment of acute cell damage. However. more
studies are required for better und: wding of mitochondria
internalization, their fate once inside the injured cells and how
mitochondria can survive in the extracellular microenviron-
ment or the blood flow during AMT.
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4. MECHANISMS AND STRATEGIES FOR KIDNEY

PRESERVATION

General structure and functions of the kidney

The Kidneys are two organs located on the left and right in the retroperitoneal space,
high in the abdominal cavity, one on each side of the spine, and lie in a
retroperitoneal position at a slightly oblique angle. Blood is received from the renal
arteries and exits into the renal veins. Both the kidneys are attached to a ureter, that
carries extracted urine to the bladder. The functional part of the kidney is divided
into two major structures: the cortex and the medulla (fig. 8). These two structures
together form a series of cone shaped renal lobes, each containing a cortex
surrounded by a portion of medulla called renal pyramid. Between the pyramids,
there are the projections of cortex called renal columns. The urine-producing
functional structures of the kidney are the nephrons, that span the cortex and the
medulla. The renal corpuscle, the initial filtering portion of the nephron, is located
in the cortex; whereas the second part, the renal tubule, passes through the cortex
to arrive in the medulla (fig. 8). The tip of each renal pyramid, called papilla,
empties the created urine into a minor calyx; minor calyces empties into a major
calix. Major calices empties into the renal pelvis, which becomes the ureter. All

these structures are surrounded by hilar fat and lymphatic tissues [1].
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Figure 8. The internal structure of the kidney.

The main function of the kidney is to excrete a variety of waste products generated
during the metabolism and accumulated in the blood stream. The purification
passages, formed by filtration, reabsorption, secretion, and excretion, occurred in
the nephron. The first passage is the filtration phase, which takes place in the renal
corpuscle. Cells and large proteins are retained while materials of smaller molecular
weights are filtered from the blood to make an ultrafiltrate that eventually becomes
urine. The second step is reabsorption, where some molecules are transported back
from the ultrafiltrate to the peritubular capillary. During this phase, glucose, amino
acids, sodium, calcium, and other molecules are reabsorbed. Nearly 55% of water

present in the ultrafiltrate is reabsorbed. During the secretion other molecules are
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transported from the peritubular capillary through the interstitial fluid, then through

the renal tubular cell and into the ultrafiltrate. The last step is the excretion. The

ultrafiltrate passes out of the nephron and travels through the collecting duct, which

Is part of the collecting duct system, and then to the ureters where it is renamed

urine. In addition to transporting the ultrafiltrate, the collecting duct also takes part

in reabsorption.

The other functions of the kidney includes:

The secretion of a variety of hormones, such as erythropoietin, calcitriol,
and renin. Erythropoietin, in particular, is released in response to hypoxia in

the renal circulation, stimulating erythropoiesis.

The long-term regulation of blood pressure depends upon kidney, mainly
through the renin-angiotensin system. When renin levels are elevated, the
concentrations of angiotensin Il and aldosterone increase, leading to
increased sodium chloride reabsorption, expansion of the extracellular fluid
compartment, and an increase in blood pressure. Conversely, when renin
levels are low, angiotensin Il and aldosterone levels decrease, contracting

the extracellular fluid compartment, and decreasing blood pressure.

Together with lungs, the kidneys maintain acid—base homeostasis, which is

the maintenance of pH around a relatively stable value. While the lungs the

lungs contribute to acid—base homeostasis by regulating CO> concentration,
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the kidneys reabsorb and regenerate bicarbonate from urine, and to excrete

hydrogen ions and fixed acids into urine.

- The kidneys are able to regulate the plasma osmolarity through the
antidiuretic hormone (ADH) secreted by the posterior pituitary gland. An
increase in osmolality causes the gland to secrete ADH, resulting in water

reabsorption by the kidney and an increase in urine concentration [1].

Clinical conditions and loss of kidney function

The best available indicator of overall kidney function is glomerular filtration rate
(GFR), which equals the total amount of fluid filtered through all the functioning
nephrons per unit of time. Interestingly, the kidney can maintain a physiological
level of GFR, despite progressive destruction of nephrons, because the remaining
normal nephrons develop hyperfiltration and compensatory hypertrophy. For this
reason, the decline of kidney function is gradual and initially may present
asymptomatically. Although hyperfiltration and hypertrophy of residual nephrons
are beneficial for the maintenance of GFR, it is found to be a major cause of
progressive renal dysfunction. The increased glomerular capillary pressure may
damage the capillaries, leading to focal and segmental glomerulosclerosis (FSGS)
and eventually to global glomerulosclerosis [2]. The prolonged loss of function of
the kidneys (expressed in a reduced GFR) for more than three months is defined as
chronic kidney disease (CKD) [3]. When GFR is less than 15 mL/min per 1-73 m?

(the GFR for CKD is 60 mL/min per 1-73 m?2), a person has reached end stage
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kidney disease (ESKD), at which point kidney function is no longer able to sustain
life over the long term. The prevalence of ESKD is continuously rising, reaching
746,557 in 2017 (versus 727,912 in 2016) only in the USA. The total US Medicare
spending on both CKD and ESKD patients was in excess of $120 billion in 2017
[4]. Options for patients with ESKD are kidney replacement therapy (in the form of
dialysis or kidney transplantation), or conservative care (also called palliation or
non-dialytic care) [5]. The disorder is associated with numerous hospitalizations,
increased healthcare costs, and numerous metabolic changes. The mortality rates
for patients with end-stage renal disease are significantly higher than those without
the disease. Even with timely dialysis, the death rates vary from 20% to 50% over

24 months [6].

Transplantation is generally the treatment of choice for those suffering from ESRD.
Not only transplantation offer improved quality of life and increased longevity
relative to dialysis, but it also reduces end-stage renal disease program
expenditures, providing savings to Medicare. Unfortunately, the amount of
transplantable organs is continuously growing, while the organ supply has reached
a plateau. For this reason, in the last years, the conditions and circumstances in
organ donation radically changed, with a significant boost in donor age and
donation from non-heart-beating donors. In the most developed countries, donation
after cardiac death (DCD) and extended criteria donor (ECD) organs make up more
than 50% of the total organ pool. The ECD criteria most widely used in kidney
transplantation are the OPTN-approved criteria, as described by Metzger et al. [7].

The most important parameters to be considered are age, weight, height, population,
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history of hypertension, history of diabetes, cause of death, hepatitis C status, serum
creatinine, and DCD. The most important burden with the ECD is the IRI. IRl is a
period of sudden disrupted blood flow to the organ followed by the restoration of
arterial perfusion. The ischemic period leads to a dramatic decrease in energy
supply, which causes widespread damage to the cell and thus of the organ. The
absence of oxygen and nutrient leads to ATP depletion, and pH increasing, with the
subsequent intracellular Ca* overload and increase in lactate production. After the
ischemic period, reperfusion is characterized by a dynamic process of cytokine
production, neutrophil activation, and ROS release that causes endothelial and
epithelial damage, widespread inflammation, and disruption of parenchymal
architecture [8]. Intracellularly, IRI is followed by the complete disruption of the

mitochondrial network. This generates apoptosis and

necrosis in the tissue and then in the whole organ (fig. 9).

Viable mitochondria Damaged mitochondria

s ISchemia mmme Reperfusion )

Absence of blood flow * Re-oxygenation

ATP depletion ROS increase
pH increasing Apoptosis |
Intracellular calcium overload Necrosis

Increase in lactate production

Figure 9. Graphical representation of IRI. Ischemia generate ATP depletion, pH
increasing, intracellular calcium overload and increase in lactate production. The

subsequent reperfusion phase led to ROS increase, apoptosis and, eventually, necrosis.
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With the pressure to maintain and further improve the excellent short- and long-
term results, but working with very different resources, the most prominent
immediate challenge is to better define and preserve, if not improve, organ quality

in transplantation.

Ischemia Reperfusion Injury and Its Role in Kidney Transplantation,
Delayed Graft Function

As mentioned, tubular epithelial cells are particularly susceptible to the reduced
oxygen supply caused by the ischemic phase of IRI. Anaerobic glycolysis and ATP
degradation form superoxide radicals and an acidic milieu, together with the
subsequent restoration of circulation results in inflammation and production of ROS.
All these factors bring mitochondria damage and thus to the activation of the
apoptotic pathway in tubular epithelial cells. The amount of damage, that is usually
proportional to the duration of the ischemic period, may eventually lead to delayed
graft function (DGF) [9]. Even if recently challenged, the traditional definition of
DGF is based on the requirement of dialysis during the first post-operative week.
Other classifications are based on creatinine reduction ratio and 24-h creatinine
excretion from post-transplant Days 1-2 [10]. Other than the definitions, DGF results
in a dialysis period, usually combined prolonged hospitalization, increase in the
complexity of the therapeutic approach and an enhanced probability of infections.
All these effects can dramatically alter the outcome of transplantation. In fact, it has
been reported that DGF reduced the 5-year graft survival rate by 10— 15% and

shortened the half-life by about 2 years [10]. The presence of kidney fibrosis is
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strictly related to the outcome of the graft and to DGF. The presence of AKI or
Epithelial-to-mesenchymal transition (EMT) in injured epithelial cells can both lead

to this condition in kidney graft.

There are multiple risk factors associated with the insurgence of DGF. The most
important donor-related factors are the procurement from deceased donor or from
DCD (donation after cardiac death). DGF rate is about 30.8% in US deceased donors
which is significantly higher in DCDs (45-55.1%) [11]. Other important parameters
are the increase of age, the body mass index, the cause of death (anoxia vs.
cerebrovascular), and diabetes. From a recipient point of view, the most important
risk factors are related to body mass index, previous transplant, diabetes, and male

gender.

Interventions in recipients, such as dopamine and superoxide dismutase infusions,
have not been entirely successful in mitigation DGF. Donor management
investigation has been less well studied but may be a critical opportunity to improve
organ quality. Interestingly, optimal organ preservation prior to graft appears
significant in order to reduce to possibility of DGF [12]. The use of advanced
therapies, such as AMT could be useful in the amelioration of organ storage,

protecting the tubular epithelial cells from mitochondria damage.

Static Cold Storage

The current golden standard for organ preservation is the static cold storage (SCS).

SCS is a well-established and standardized procedure in three sterile plastic bags in
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ice filled with preservation solution in bag 1 or saline/ringer lactate/other in bags
2/3 [9] (fig.10). SCS preservation allows for significant metabolic depression;
cellular metabolism is reduced by 50% for every 10 °C decreases in temperature,
and at standard SCS storage temperatures between 0 °C and 4 °C, cellular
metabolism occurs at 10%-12% of baseline function [10]. The major advantage of
SCS is the safety of the procedure. Basically nothing can happen to an organ in
plastic bags, on ice, in a plastic container. However, as the metabolism in the organ
is slowed but continues, the organ eventually can be damaged by the accumulation
of succinate and reactive oxygen species (ROS). Is important to underlying that the
immediate exposure to normothermia and oxygen could result in an inflammatory
response and organ-specific damage early after transplantation [11], [12].
Moreover, in DCD and IRI after reperfusion is significantly pronounced and more
detrimental than other types of organs [13]. Although advancements made in
preservation solutions alone have resulted in superior patient outcomes and long-
term graft function, the evolution of machine perfusion has culminated in protective

capacities that go beyond those offered by SCS.
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Figure 10. Comparison among static cold storage (SCS), Hypothermic machine

perfusion (HMP), and normothermic machine perfusion (NMP).

Hypothermic Machine Perfusion

The idea behind the hypothermic machine Perfusion (HMP) is the preservation of
the graft using cryoprotective mixtures in a metabolically depressed, but active,
state (fig. 10). HMP continuously provides metabolic substrates for the generation
of ATP, and thus enables the graft to restore tissue energy [14]. Although devices
vary in structure from organ to organ, the essential device components are perfusate
delivery, the equipment for monitoring the physiologic parameters, and a
temperature regulation apparatus. The gold standard machine preservation solution
is UW solution, which contains a collection of enzymes, energy substrates, and
salts. Numerous studies have demonstrated a better early graft function and superior
long-term patient outcomes in kidneys preserved with HMP over SCS. There are
also evidences that although SCS is initially cheaper than HMP, when the expenses
associated with ECD kidney are included in cost assessments, preservation with
HMP may reduce overall healthcare costs and provide an economic benefit to

transplant centres. Recently, another form of HMP gain attention, the hypothermic
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oxygenated machine perfusion (HOPE). HOPE is a form of HMP that utilizes an
oxygenated preservation solution, typically Belzer solution. Originally developed
to protect graft cells against IRI, HOPE has been shown to improve post-transplant
outcomes in DCD donors. However, the use of oxygen could be a problem, as
slowing the rate of organ decline requires a supply of oxygen sufficient to meet the
metabolic demands of the hypothermically preserved organ but below the level at

which ROS production exceeds its rate of elimination [15].

The most important disadvantages of HMP are associated with the complications
and undesired side effects of continuous pump-dependent perfusion and the
limitations for functional assessment under hypothermic conditions. Perfusion
systems generate intravascular pressures that can predispose grafts to edema and
microvascular damage with potentially serious consequences. Moreover, the high
force of the perfusion system can generate excessively high glomerular pressures
resulting in damage to the fenestrated glomerular epithelium and subsequent protein

loss. Another significant risk is the arterial damage during HMP [16].

Normothermic Machine Perfusion

Normothermic machine perfusion (NMP) is functionally similar to HMP (fig. 10);
the most important difference is the temperature of functioning, much more similar
to a physiological condition. Comparably to HMP, NMP requires establishing
circuits between the NMP device and the graft via separate arterial and venous
shunts. Rotary or peristaltic pumps circulate an erythrocyte-based preservation

solution through the circuits, while a membrane oxygenator performs oxygenation
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and ventilation on the circulating fluid. One very important advantage compared to
HMP is that NMP utilizes auto-regulatory mechanisms that allow for precise
control of parameters like temperature, pressure, flow speed, and flow resistance.
Furthermore, NMP provides a full functional assessment of a procured organ under
physiologic conditions, typically between 34 °C and 39 °C. This feature makes
NMP not only an invaluable tool for ex vivo functional evaluation but also a highly

attractive means of expanding the eligible donor pool [17] (fig. 11).

Organ preservation with NMP offers several of the same advantages as HMP such
as nutrient delivery and removal of nitrogenous waste products and CO2. Only
NMP, however, allows for graft assessment and therapeutic drug delivery under
physiologic conditions, unique features that are especially critical for better
preservation of the organs, especially marginal donor ones. There is also evidence
that organ assessment under physiologic conditions provides for a more accurate

functional evaluation and superior predictability of early graft function than HMP.
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Figure 11. General scheme of normothermic machine perfusion. The kidney is
connected via separate arterial and venous shunts. A rotary or peristaltic pumps circulate
an erythrocyte-based preservation solution through the circuits, while a membrane

oxygenator performs oxygenation and ventilation on the circulating fluid.

Leicester’s group was the first to translate NMP into clinical reality on a large scale.
Eighteen ECD kidneys were subjected to NMP reconditioning prior to
transplantation. Outcomes were compared to 47 matched ECD kidneys preserved
by SCS. In this study, NMP resulted in a significantly reduced DGF rate compared
to controls [18]. The work of Leicester et al., together with other clinical reports,
demonstrated the potentiality of kidney HMP, especially in the preservation of
marginal grafts, including grafts from DCD and ECD, with superior outcomes in

the early phase compared to SCS.

As already mentioned, functional assessment under physiologic conditions is an
important advantage of preservation with NMP; however, identifying biomarkers
that accurately predict organ viability will be a crucial barrier to be overcome before

the full potential of NMP can be realized.
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Introduction

From the biochemical standpoint, mitochon-
dria are known as the cellular powerhouse, be-
ing the main activity of this organelles is the
ATP generation via oxidative phosphorylation.
Nevertheless, this definition is somewhat
limiting, shadowing the complexity of biological
activities performed by mitochondria. Mitochon-
dria, indeed, are involved in several activities,
including proliferation, differentiation, and cell
death [1]. Since 3 decades, they have been identi-
fied as the trigger of programmed cells death,
driven by the release of cytochrome C from the
mitochondrial membrane [2]. Recently, mito-
chondria activity, and in particular the rate of
oxidative phosphorylation, has been correlated
to cellular differentiation, while, in turn, its inhi-
bition supports pluripotent stem cell generation
[3]. Finally, several observations linked dysfunc-
tional mitochondrial to aging and major sys-
temic failure [4-6].

Mitochondria are surrounded by a double
membrane system, necessary to the generation
of an electrochemical proton gradient. This partic-
ular conformation allows the local accumulation

Organ Repar and Regeneragion
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of several elements, such as metabolites, proteins,
reactive oxygen species, and Ca**, thus allowing
signaling and biochemical reaction compartmen-
talization. Mitochondria are, therefore, influ-
encing cellular biology by providing a wide
range of metabolites and cofactor via the Krebs
cycle, by regulating cellular Ca®* levels, and reac-
tive oxygen species (ROS) homeostasis linked to
the plethora of redox reactions performed during
ATP synthesis. Several metabolites generated by
mitochondria present moonlighting activates, be-
ing more than metabolic intermediates, but acting
as well as signaling molecules. For instance, the
TCA cycle intermediate a-ketoglutarate is also a
necessary substrate of hydroxylases, such as
PHD2 or TET enzymes, thus altering gene expres-
sion [7]. The impact of some metabolites on tissue
reprogramming is so important that the simple
accumulation of such metabolites is sufficient to
promote tumor transformation. Hence, TCA cycle
intermediates, such as succinate and fumarate,
are currently defined as oncometabolites [1].
Another critical aspect of mitochondrial biology
is organelles dynamics. While often considered
as immobile bean-shaped organelles, mitochon-
dria are highly dynamic, undergoing the process

Copyright © 2021 Elsevier Inc. All rights reserved
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of fusion and fission, thus forming a diverse array
of structures, from long filaments to donut-
shaped structures. Intriguingly, it is clear that
such networks control cellular function and tissue
homeostasis. For instance, cellular differentiation
has been linked to the ability of mitochondria to
form fused networks as the deletion of the main
mediator of such a cellular process (i.e., mitofu-
sins) results in lethal phenotype linked to the
impaired differentiation of embryonic cells into
cardiomyocytes [S].

Intriguingly, a novel standpoint of mitochon-
drial dynamics is currently emerging, following
the discovery that mitochondria can pass be-
tween cells, rescuing metabolic dysfunctions.
Defining the biological processes driving this
cellular cross-talk will have vast implications in
several pathological settings, including fibrosis,
septic shock, and organ damage [9]. In parallel,
the exploitation of this biological property by
supplying mitochondria to cells is currently on
study in various approaches of regenerative
medicine.

Role of mitochondria in organ damage

Considering the complex and central function
of mitochondria in cell physiology described
earlier [10], the better understanding of alter-
ation in their metabolism during or even before
organ damage results mandatory to better char-
acterize the evolution of diseases and the
possible therapeutic approaches.

Even if the metabolic patterns can strictly vary
among the organs [11], several pieces of evidence
suggest that the disruption of mitochondria ar-
chitecture is one of the essential hallmarks of or-
gan failure. More than the simple reduction of
the ATP intake, the alteration of mitochondrial
homeostasis can lead to the production of toxic
species, as ROS or other reactive molecules,
which can maximize the early tissue damage.
Furthermore, the altered production of impor-
tant factors, as heme and iron metabolites proper
of mitochondria metabolism, can lead to an even

13. Mitochondria transplantation in organ damage and repair

bigger alteration in tissue function. Interestingly,
mitochondria are particularly susceptible to vari-
ation of the extracellular and intracellular micro-
environment: altered concentration in Ca®>* and
Fe* has been reported to enhance mitochondrial
damage [12,13]. Therefore, it appears evident
that mitochondrial alterations are strictly corre-
lated with most of the clinical conditions that
lead to organ failure. In this section, we will
focus on the role of mitochondria during dam-
age, in particular ischemia/reperfusion injury,
and on the subsequent effects of mitochondrial
bioproducts, such as mitochondrial DNA, as
immune-activators.

Ischemialreperfusion injury
Ischemia/reperfusion injury (IRI) is a critical
condition associated with a wide range of dis-
eases, including myocardial damage, heart fail-
ure, cerebral and gastrointestinal dysfunction,
and acute and chronic organ failure [13]. More-
over, IRI often occurs during kidney and liver
transplantation [14]. IRI can be subdivided into
two distinct phases. In the first, known as
ischemia stage, the impairment of blood flow or
the decrease of energetic supply leads to severe
hypoxia condition. This dramatic alteration in-
duces a switch to anaerobic metabolism and to
the production of ROS, toxic either for mitochon-
dria and for the whole cell [15]. As a conse-
quence, the reduction of the ATP level and the
change in pH alter the Ca®>* concentration, unset-
tling the ion balance inside the cell. Notably, the
second stage, called reperfusion stage, can
amplify the induced damage: the rapid restora-
tion of reperfusion triggers several mechanisms,
including immune system stimulation and
apoptosis activation, which can surge the previ-
ous ROS and hypoxic damage to a clinical stage
[16]. The detrimental effect of IRI is particularly
evident in myocardial reperfusion injury occur-
ring after coronary heart disease [16]. In kidney
transplantation, IRl may occur as a consequence
of brain death in the cadaveric donor or during
blood flow reconstruction [17]. In the brain, one
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of the most sensible organs to IR], the damage is
strictly correlated to the specificity of the brain’s
mitochondria [17]. In neurons, indeed, these or-
ganelles contain a lower amount of cytochrome
C oxidase and a higher concentration of polyun-
saturated fatty acids than in the other organs,
making the brain more vulnerable to oxidative
damage [17]. In general, however, the ischemia
phase alters the electrochemical gradient estab-
lished among the mitochondrial membranes,
increasing ROS production and decreasing the
activity of antioxidant enzymes [16]. The subse-
quent rapid reintroduction of O during the
reperfusion phase can greatly increase the ROS
production, leading to the alteration of NADH/
NAD and GSH/GSSG ratio [18]. These events
together with the release of Ca® from the intra-
mitochondrial space tend to activate the intrinsic
pathway of apoptosis [18]. Taking together, it ap-
pears evident that mitochondria alteration dur-
ing hypoxia can greatly amplify organ damage,
especially during the reperfusion phase.

Effect of mitochondria as imnumne-system
activators

Mitochondria are capable to form proteins us-
ing a proper translational system. Some of these
proteins contain domains not recognized as
“self” by the immune system, as N-formylated
peptides, potent immune-activators [19]. Other
than that, mitochondria released following tissue
damage could act as damage-associated molecu-
lar patterns (DAMDPs), initiating and perpetu-
ating the inflammatory response [19,20]. As a
proof of concept, Lin et al. recently demonstrated
that the presence of circulating mitochondria
might correlate with allograft rejection in organ
donors [20]. In fact, in a murine model of alloge-
neic cardiac transplant, the injection of purified
mitochondria increased the number of CD4"
and CDS8™ lymphocytes, and the activation of
endothelial and dendritic cells [20]. However, it
is important to underline that injected isolated
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mitochondria were resuspended in PBS and
injected the day after the purification. Consid-
ering this, reasonably the immune system might
be activated due to the presence of damaged and
disrupted mitochondria more than simply of iso-
lated mitochondria.

Proinflammatory effect of mitochondrial DNA

Differently to all the other organelles present in
the cell, mitochondria possess their own circular
genome, so-called mitochondrial DNA (mtDNA),
containing 37 genes encoding for mRNA, tRNA,
and ribosomal RNA. mtDNA is a relatively small
circular DNA  containing some very peculiar
structural differences with the nuclear DNA.
Firstly, mtDNA follows different structural
pathway: is still unclear if it contains some meth-
vlated GpC sequences (cytosine nucleotide fol-
lowed by a guanine nucleotide) as the nuclear
DNA or different methylated bases, [21-23]. A
small part of the mtDNA is organized in a stable
three-loop structure, in a similar way to the active
transcriptional sequences present in the nuclear
DNA [24]. Moreover, mtDNA lacks introns and
exons and it is packaged in a very particular
protein-DNA structure, similar to bacterial DNA
and present only in the mitochondria [25].
mtDNA, present in the cytoplasm after cell auto-
phagy or released by injured cells, was shown to
be able to activate intracellular inflammation and
innate immune response through Toll-like Recep-
tor (TLR) 9. For instance, mtDNA increased the
mRNA levels of NF-kB, IkB-2, and TLRY, achi-
vating the inflammasome response through the
P38 MAP kinase pathway during lung injury [26].

On the other side, mtDN A release is part of the
so-called mitochondrial alarmin, or DAMDPs, a se-
ries of patterns able to activate and/or stimulate
the innate immune system [24,27]. In such sense,
Zang et al. demonstrated that inoculation of
mtDNA can significantly increase the level of
inflammation and the production of TLR 9 in the
lungs of treated rats, compared with controls [26].
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mtDNA as biomarker

Another important mechanism of immune
signaling involves the presence of mtDNA in
extracellular vesicles (EVs) [28,29]. EVs are a
wide population of membranous microparticles
released by all the different types of cells present
in the body [30]. Other than signaling functions,
EVs can activate the innate and adaptive immune
system either in cancer and in case of cell stress
[31]. Even if not well studied, the presence or in-
crease of mtDNA in the EVs seems to contribute
to this mechanism. Tong et al., in 2017, observed
that in preeclampsia, a placental pathology with
unclear pathogenesis, the amount of mtDNA in
EVs is increased. Moreover, the presence of anti-
phospholipid antibodies, a particular class of an-
tibodies that strongly increase the risk of
preeclampsia [32], correlated with the presence
of mtDNA in EVs and with endothelial cell acti-
vation, presumably through TLR 9 [32].

Increased concentration of mtDNA also corre-
lated with intensive care unit (ICU) patients and
with ICU mortality [33]. Nakahira et al. showed
that the high presence of mtDNA (assessed by
the measurement of NADH dehydrogenase 1
gene) correlated with the mortality rate in ICU
patients and could be considered a predictive
biomarker in hospitalized patients [33,34].

Mitochondrial transfer in organ repair

It is known that cells can destroy and then
recycle damaged mitochondria, in a process
called mitophagy [35]. In fact, considering that
mitochondria do not possess an efficient DNA-
system repair [36], mutations can accumulate
and irreversibly damage firstly the mitochondria
itself and then the other organelles. Moreover,
damaged mitochondria can be replaced: a donor
cell can transfer its own mitochondria to a
damaged host cell, to replace and repair the
mitochondria network [37]. In 2004, Rustom
et al. firstly observed that injured cells, more
than simply repair the damaged mitochondria,
can acquire them from other donor cells [38]. In
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2006, Spees et al. demonstrated that the transfer
of mitochondria can rescue the aerobic respira-
tion in mammalian cells lacking functional mito-
chondria [39]. Finally, in 2012, the work of Islam
et al. not only validated in vivo the previous
research but also identified stem cells, specif-
ically bone marrow—derived stromal stem cells,
as a physiologic source of transferred mitochon-
dria in an in vivo model of acute lung injury [9].

Physiological mitochondrial transfer

Transfer of mitochondria is part of the physio-
logical maintenance of the organ homeostasis,
and it can occur through different mechanisms
[40] (Fig. 13.1). Islam et al. reported that, in an
bacterial  lipopolysaccharide  (LPS)-induced
model of lung injury, the presence of mesen-
chymal stromal cells (MSC) from bone marrow
was able to reduce the alveolar leukocytosis and
protein leak, whereas mitochondria from
dysfunctional MSC could not achieve this result.
Moreover, the presence of MSC mitochondria
was confirmed by optical evaluation and assess-
ment of human mtDNA genes in the treated
mouse lung [9]. In 2015, Phinney et al. brilliantly
linked mitophagy in MSCs with the transfer of
mitochondria to macrophages through a partic-
ular subgroup of vesicles. They were able to
demonstrate that MSCs uploaded mitochondria
via arrestin domain-containing protein 1-
mediated MVs. The MSC vesicles were, then,
engulfed by macrophages and utilized to produce
energy. Furthermore, they observed that the ex-
change of microRNAs between macrophages
and MSCs were able to downregulate the TLR
expression and inflammatory signaling. This
may represent one of the possible systems used
by host cells to allow the entrance and the absorp-
tion of external mitochondria [41].

Another form of physiological mitochondria
transfer is through tunneling nanotubes (TNTs)
[38,42]. TNTs are membranous protrusions con-
taining a skeleton able to tightly fuse the donor
and the host cell. This type of transfer is involved
in cell repair, activation of immune response, and
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Physiological mitochondria transfer
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FIGURE 13.1

Q% (C) extraceliular vesicles

Physiological mitochondria transfer. The figure illustrates three different mechanisms of mitochondrial

transfer: (A) directly released in the bloodstream or in the extracellular microenvironment in response to cellular stress,
with activation of the immune system and of the inflammatory response; (B) tunneling nanotubes (TNTs), membranous pro-
trusion involved in cell repair, activation of immune response, and cell reprogramming; (C) transfer inside extracellular vesicles
(EVs). This transfer mechanism was observed mainly in MSCs, activating repair of cellular damage or enhancing phagocytic

properties of cells.

cell reprogramming [42—44]. However, the direc-
tionality of the transfer in TNTs is still unclear.
Mitochondria can be, also, released naked, in
response to cellular stress [40]. Various studies
reported that both apoptotic hepatocytes and
activated platelets can expel viable mitochon-
dria, perhaps activating the immune system
and the inflammatory response [45,46]. Howev-
er, the mechanisms underlying the preference
between one or another transfer is still unclear.

Artificial mitochondrial transfer for organ
repair

As mitochondria transfer is a physiological
mechanism used to repair or reprogram
damaged cells, various groups tried to mimic
this process artificially, to elaborate a new

possible therapeutic approach (Fig. 13.2). To
date, several groups are working on what is
called artificial mitochondria transfer (AMT).
The first demonstration of an AMT was obtained
by Clark et al. in 1982, by simple coincubation.
They observed that antibiotic-resistant genes car-
ried by mtDNA present in isolated mitochondria
suspended in the medium passed to sensitive
host cells [47]. Moreover, the microinjection of
mitochondria in the human cell was able to
replace damaged mitochondria [48]. A possible
application was shown by the possibility to
replace mitochondria in fertilized mice eggs
[49]. More recently, the artificial coincubation of
extracted fully respiration-competent and fresh
mitochondria emerged as a valid possible option
in the field of regenerative medicine [50—53].
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Artificial mitochondria transfer
Muscle tissue

Stem cells
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Damaged cell

& D@

Plated cells

FIGURE 13.2  General scheme of artificial mitochondria transfer. Mitochondria can be isolated from differentiated organs
and tissues, stem cells, as mesenchymal stem cells or differentiated cells. The isolation usually consists of three steps: homog-
enization of the sample via mechanical strokes; centrifugations, to remove broken parts, and isolation of the mitochondrial pel-
let, resuspended in a specific buffer. The isolated mitochondria are then injected and internalized by damaged host cells.

In recent years, McCully and his group
worked on AMT as a therapeutic approach in
ischemic cardiomyocytes, both in vitro and
in vivo models [53,54]. Indeed, injection of iso-
lated mitochondria was able to protect ischemic
cardiac cells during the reperfusion, in an
in vivo model of rabbit myocardial IRI injury
[53]. The molecular mechanism that allows the
internalization of these organelles in the recip-
ient cells was ascribed to an ATP-dependent
mechanism leading to mitochondria endocytosis
[55]. Other studies showed, using three-
dimensional superresolution microscopy and
transmission electron microscopy, that mito-
chondria are incorporated in cardiac cells within
minutes. Inside the cell, the acquired organelles
are transported to endosomes or lysosomes
and, then, fuse with the mitochondria network
[56]. Recently, an AMT using autologous
muscle-derived mitochondria was performed in
a clinical setting to treat pediatric patients
affected by myocardial ischemia-reperfusion

injury. All patients did not show any adverse
short-term effects and demonstrated improve-
ment in ventricular function [54].

Another possible setting for the application of
AMT is schizophrenia (SZ), as isolated active
mitochondria were able to differentiate SZ-
derived induced pluripotent stem cells into gluta-
matergic neurons. Moreover, in a rodent model
of SZ, the injection of mitochondria into the intra-
prefrontal cortex of adolescent mice prevented
attentional deficit at adulthood [51]. This last
work showed that AMT could be also used to
commit undifferentiated cells, an extremely
attractive aspect in the treatment of organ as
the brain is.

The potentiality of mitochondrial transfer as a
therapeutic option has been tested also in the
liver [57], and in an in vivo model of diabetic ne-
phropathy [58]. Our group is also testing the po-
tentiality of mitochondria transfer in a model of
acute kidney injury induced by cisplatin.
Cisplatin, a normally used chemotherapy drug,
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FIGURE 13.3

Optical observation of mitochondrial transfer. Proximal tubular renal cells were plated and dyed with mito-

tracker red. After the induction of damage, previously isolated mitochondria, obtained from the same cell type, were coincu-
bated for 24 h. Blue arrows show the isolated mitochondria (stained in green) internalized by plated cells.

tend to accumulate in active mitochondria,
causing toxicity. We observed that human prox-
imal tubular cells damaged with cisplatin can
internalize isolated fully viable mitochondria
(Fig. 13.3).

Technical considerations

A critical point for every possible mitochon-
drial transplantation therapy regards the isola-
tion of fully viable and respiration-competent
mitochondria (Fig. 13.2). As isolated mitochon-
dria are particularly sensible to different factors
that may alter the membrane potential or disrupt
the external membrane, the transfer requires
“fresh” isolated mitochondria. This, therefore,
implies that extraction should be completed
immediately before use [59] and that freezing is
not allowed as it would disrupt the outer mem-
brane. Moreover, the extraction is convention-
ally performed in a sucrose/mannitol enriched

medium, isosmotic and with physiologic pH.
Temperature variation is another parameter to
take into consideration and isolated mitochon-
dria are generally kept in ice at 4°C to preserve
their structural characteristics [52,58,60]. Consid-
ered all these parameters, it appears evident why
isolation protocols are focused on timing and
preservation of viability during the isolation,
more than on the purity of extraction.

Another important parameter is the number
of mitochondria used for AMT. There is great
heterogeneity in the literature among the quan-
tity of mitochondria. It is important to consider
that the cell source could influence the number
of mitochondria used per host cells [61]. Another
aspect is represented by the recipient cells and by
the in vitro/in vivo type of experiment. In the
in vivo case, for instance, 2 x 10> mitochondria
per gram tissue wet weight have been described
[59]. However, to quantify the amount of mito-
chondria through their number could be
misleading, as mitochondria continuously tend
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to fuse and fix together. Moreover, a great num-
ber of labeled mitochondria could be stacked
together during the counting. For these reasons,
various groups tend to quantify the protein
amount of the extracted mitochondria network,
more than the number [62]. Furthermore, this
process is easier, quicker, and allows a faster
quantification during the extraction.

Conclusion

It appears evident that mitochondria repre-
sent a pivotal organelle in the context of organ
damage and repair. However, modulation of
mitochondrial activity or targeting of mitochon-
drial proteins is still to be improved. Mitochon-
dria transplantation is emerging as a plausible
therapeutic approach in various fields of applied
medicine. In such sense, AMT, through the sub-
stitution, rather than targeting of the damaged
mitochondria, emerged as one of the most prom-
ising approaches. One of the other strengths of
AMT is the versatility: AMT was successfully
used in several neurological diseases, as Parkin-
son’s disease [63] or traumatic brain or spinal
cord injury [60,64]; as well as in organ ischemia
[59], as mentioned before. However, various
topics still require investigation Firstly, the
mechanisms describing how mitochondria can
freely enter the damaged cell, and how can
they survive to the high Ca®* concentration pre-
sent in the bloodstream are unknown. The sec-
ond main issue is related to the source of
mitochondria to be used for transplant. Most of
the studies highlighted that, in physiological
conditions, all the mitochondria donor cell types
are stem cells. MSCs have therefore up to date,
considered the preferential source for isolated
mitochondria, also in virtue of their role in tissue
repair [58]. However, stem cells exhibit low
mitochondria content and structural differences
in comparison with more specialized cells. In
such sense, various works demonstrated a bene-
ficial effect of mitochondria derived from highly
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specialized cells, as muscle cells [59]. Lastly,
secreted factors and exosome coisolated with
mitochondria could contribute to the observed
effects of AMT. Of relevance, the transplant of
mitochondria has been already proven to be
beneficial in a human application for cardiac
IRI and other evaluations are urgently needed
for safe and efficacious use of AMT in clinics.
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6. PhD PROJECT: “INJECTION OF ISOLATED
RESPIRATION-COMPETENT MITOCHONDRIA AS
THERAPEUTIC MODEL IN THE TREATMENT OF
ISCHEMIA/REPERFUSION INJURY IN KIDNEY

TRANSPLANTATION”

Introduction

Mitochondria transfer is a fascinating phenomenon triggered by stress signals,
through which eukaryotic cells acquire new mitochondria from healthy donor cells,
to ensure repair and survival after damage [1]. During this process, the
mitochondria’s small size and capacity to change their shape and length, allow them
to be transported from donor to recipient cells by transporting mechanisms like
tunneling nanotubes and microvesicles [2]. The organelles will eventually be
incorporated into the endogenous mitochondrial network of the recipient cell that
needs to be rescued, to restore its bio-energetic profile and health. As mitochondria
transfer has been found to play a critical role in healing several diseases among
which brain and cardiac injury, respiratory and renal disorders; artificial
mitochondria transfer (AMT) has recently emerged as a promising therapeutic
approach for conditions characterized by mitochondrial damage, including
ischemia-reperfusion injury (IRI) complicating organ transplantation [1], [3]-[5].
In the IRI syndrome, hypoxia triggers a cascade of events that will eventually hit

the mitochondria and may lead to cellular necrosis if not adequately treated. The
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clinical consequences of these biomolecular events are devastating and may result
in unsuccessful transplantation and graft loss. We, therefore, speculated that AMT
may mitigate IRI through the replacement of damaged mitochondria with viable
organelles deriving from healthy donor cells. We herein propose an in vitro and an
ex vivo model of AMT in the setting of renal transplantation (RT). RT was chosen
for two reasons. First, because it is the most frequently performed transplant
worldwide; validation of our hypothesis with RT will warrant translation to all other
solid organ transplants. Second, because of the dramatically increasing number of
patients who require RT despite a still insufficient organ supply. According to our
evidence, in vitro, AMT is able to protect human proximal tubular epithelial cells
from ischemic damage, reducing cytotoxicity and restoring the cell proliferation
capacity. Moreover, we observed a significant increase in the activity of important
enzymes involved in tricarboxylic acid (TCA) cycle and oxidative phosphorylation,
suggesting the improvement of mitochondrial function. Ex vivo, in a porcine model
of kidney transplant preservation, AMT significantly reduced apoptosis, and
decreased the presence of markers of kidney damage in the perfusate. Considering
these findings, we proved that AMT could be considered as a potential therapeutic

approach for solid organ transplantation.
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7. MATERIAL AND METHODS

Cell Culture

HK-2 cells (ATCC) were cultured in DMEM low glucose (Euroclone) plus 10%
FBS (Euroclone) at 37 °C in 5% CO». Human conditional immortalized proximal
tubular cells (ciPTECs) were purchased from Cell4Pharma and cultured in DMEM
F-12 (Gibco), supplemented with ITS (Sigma), hydrocortisone (Sigma), EGF
(Sigma), tri-iodothyronine (Sigma) and 10% FBS (Euroclone). ciPTECs were
immortalised using the temperature sensitive SV40ts A58 and human telomerase
genes (hTERT), thus at 33 °C act as immortalized cells, but at 37 °C hTERT is
inactivated and in 7 days they turn to primary cell. For the expansion phase,
CIPTECs were cultured in 5% CO; at 33 °C. One week before experiments,
CiPTECs were moved to 37 °C incubator and the medium was changed, in order to

activate the switch from immortalized cells to primary cells.

In vitro Mitochondrial isolation protocol

The mitochondria isolation protocol is adapted from Konari et al. [6]. Briefly, plated
cells were detached and pelleted by centrifugation at 2300 x g for 5 min. The cell
pellet was resuspended in homogenization buffer containing 20 mM HEPES-KOH
(pH 7.4), 220 mM mannitol, 70 mM sucrose and a protease inhibitor cocktail
(Sigma-Aldrich, St. Louis, MO) at a density of 1.0 x 107 cells/mL and incubated on

ice for 5 min. Next, cells were crushed by 60 strokes using a 27-gauge needle on
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ice. Crushed cells were centrifuged three times at 400 x g for 5 min to remove
unbroken cells. Isolated mitochondria were pelleted by centrifugation at 5800 x g
for 5 min and resuspended in resuspension buffer (RB) (250 mmol/L sucrose, 20

mmol/L K*-HEPES buffer [pH7.2], 0.5 mmol/L K*-EGTA [pH 7.4]).

In vitro Experimental protocol

To induct IRI, primary ciPTECs were damaged using a mix of Antymic A (Sigma)
and 2-deoxyglucose (Sigma) in serum-free complete medium for 4h. At the same
time, mitochondria were isolated from healthy primary ciPTECs. At the end of the
4 hours, primary ciPTECs were washed twice in HBSS and co-incubated with
isolated mitochondria resuspended in resuspension buffer (RB) or with RB alone in
complete medium without FBS for 24h. ciPTECs were then washed three times and
cultured with complete medium plus 10% FBS. After 72h the differences between

treated and controls were evaluated.

Isolated mitochondria evaluations

To measure the ATP production on isolated mitochondria resuspended in RB, the
luciferin-oxyluciferin reaction was evaluated using the CellTiter-glo 2.0 kit
(Promega). This reaction utilises ATP emitting light. Thus, the light emission is
directly proportional to ATP concentration. To evaluate their activity, isolated
mitochondria were stained using MitoTracker red CMXRos (Invitrogen). Isolated

mitochondria were co-incubated with MitoTracker red for 30 min, pelleted by
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centrifugation, and resuspended in fresh RB twice to remove dye excess.
Mitochondria internalization was evaluated labelling mitochondria with GFP. HK-
2 mitochondria were infected with baculovirus encoding GFP-labelled Elalpha
pyruvate dehydrogenase (BacMamz2 delivery system, Life Technologies), a protein
ubiquitously expressed in mitochondria. After isolation and co-incubation, the

fluorescence was assessed optically.

Measurement of Proliferative Capability

The proliferative capability after AMT was assessed by measuring the total ATP
concentration on primary ciPTECs plated in 96 well-plate and subjected to IRI
alone (negative control) or to IRI and AMT (treated), using the CellTiter-Glo 2.0
kit (Promega). The BRDU proliferation assay (Sigma-Aldrich) was performed
using the same experimental setting. For both ATP and BRDU assays the outcome

was three days after mitochondrial treatment.

Evaluation of intracellular cytotoxicity

Intracellular cytotoxicity was evaluated using the Apotox-Glo Triplex Assay kit
(Promega). Briefly, primary ciPTEC cells were subjected to IRl damage and then
treated with mitochondria or with RB alone for 24h. After three days, the
accumulation and cleavage of GF-AFC were assessed according to the

manufacturer protocol.
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Metabolic analysis

The analysis of ROS production, mitochondria membrane polarization, enzymes
involved in TCA cycle and oxidative phosphorylation, ETC and ATP concentration
were performed by prof. Riganti’s lab from primary ciPTEC cells subjected to IRI
and AMT according to the in vitro experimental setting. After 72h, cells were
pelleted and immediately snap freeze. In the sections below the used methodologies

are extensively explained.

Mitochondrial extraction

Cells were lysed in 0.5 ml mitochondria lysis buffer (50 mM Tris-HCI, 100 mM KCI, 5
mM Mg CI2, 1.8 mM ATP, 1 mM EDTA, pH7.2), supplemented with Protease Inhibitor
Cocktail Il (Sigma), 1 mM phenylmethylsulfonyl fluoride (PMSF) and 250 mM NaF.
Samples were clarified by centrifugation at 650 g for 3 min at 40C. Supernatants were
collected and centrifuged at 13000 g for 5 min at 40C. The new supernatants, corresponding
to the cytosolic fraction, were used for cytosolic ROS measurements. Pellets, containing
mitochondria, were washed once with lysis buffer and resuspended in 0.25 ml mitochondria
resuspension buffer (250 mM sucrose, 15 mM K2HPO4, 2 mM MgCI2, 0.5 mM EDTA).
50 ul aliquots were sonicated and used for the measurement of protein content by the BCA
Protein Assay kit (Sigma Alsrich, Milan, Italy) and for quality control: 10 pg of each
sonicated sample were analyzed by SDS-PAGE and immunoblotting with an anti-porin
antibody (Abcam, Cambridge, UK; clone 20B12AF2) to confirm the presence of
mitochondrial proteins in the extracts. The remaining 200 pl were used for the metabolic

assays reported below.

Mitochondrial damage
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Mitochondrial reactive oxygen species (mt ROS). The mitochondria extracted from 1 x 108
cells were used for the assay. One 50 pl aliquot was sonicated and used to measure
mitochondrial proteins. The remaining sample was treated for 30 min at 37 °C with 5 pM
of the ROS-sensitive fluorescent probe MitoSOX (ThermoFisher, Waltham, MA). Samples
fluorescence was measured using a HT Synergy 96-well micro-plate reader (Bio-Tek
Instruments, Winooski, VT). The RFUs were converted into nanomoles ROS/mg
mitochondrial proteins, according to a titration curve performed with serial dilutions of

H202.

Mitochondrial tiobarbituric reactive substances (TBARS). The mitochondria extracted
from 1 x 10° cells were used for the assay. One 50 pl aliquot was sonicated and used to
measure mitochondrial proteins. The extent of oxidative damage in the remaining
mitochondrial samples was measured in mitochondrial extracts by using the Lipid
Peroxidation (4-HNE) Assay Kit (Abcam) that evaluates the 4-hydroxy-nonenale, one of
the thiobarbituric reactive substances (TBARS) that is an index of lipid peroxidation.

Results were expressed as nmol/mg mitochondrial protein.

Mitochondria depolarization. 1 x 10° cells were washed with PBS, detached by gentle
scraping and incubated for 30 minutes at 37 °C with 2 uM of the fluorescent probe JC-1
(Biotium Inc., Hayward, CA), then centrifuged at 13000 x g for 5 minutes and re-suspended
in 0.5 ml PBS. The red fluorescence (A excitation: 550 nm, A emission: 600 nm), index of
polarized mitochondria, and the green fluorescence (A excitation: 485 nm; A emission: 535
nm), index of depolarized mitochondria fluorescence, were read using a Synergy HT Multi-
Mode Microplate Reader (Bio-Tek Instruments). The relative fluorescence units (RFUS)
were used to calculate the percentage of green versus red mitochondria, considered an index

of damaged mitochondria.

TCA cycle enzymes

The activities of citrate synthase, a-ketoglutarate dehydrogenase, succinate dehydrogenase

and malate dehydrogenase, were measured spectrophotometrically using the Citrate
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Synthase Assay Kit (Sigma Aldrich), the Alpha Ketoglutarate (alpha KG) Assay Kit
(Abcam), the Succinate Dehydrogenase Activity Colorimetric Assay Kit (BioVision,
Milpitas, CA), the Malate Dehydrogenase Assay Kit (Sigma Aldrich), as per
manufacturer’s instructions. Results were expressed as U/mg proteins (citrate synthase)
nmoles NADH/min/mg proteins (a-ketoglutarate dehydrogenase, malate dehydrogenase),

nmoles FADH2/min/mg proteins (succinate dehydrogenase).

Oxidative phosphorylation (OXPHQS)

Electron transport chain complex (ETC). To measure electron flux from complex | to
complex Ill, taken as an index of the mitochondrial respiratory activity, 50 pug of non-
sonicated mitochondrial samples, isolated as indicated above, were re-suspended in 0.2 ml
buffer A (5 mM KH2PO4, 5 mM MgClI2, 5% w/v bovine serum albumin, BSA; pH 7.2) to
which 0.1 ml buffer B (25% w/v saponin, 50 mM KH2PO4, 5 mM MgCI2, 5% w/v BSA,
0.12 mM oxidized cytochrome ¢, 0.2 mM NaN3, which blocks complex IV allowing the
accumulation of reduced cytochrome c; pH 7.5) was added for 5 min at room temperature.
The cytochrome ¢ reduction reaction was started by adding 0.15 mM NADH and was
followed for 5 min at 37°C, reading the absorbance at 550 nm by a Packard microplate
reader EL340 (Bio-Tek Instruments). The results were expressed as nanomoles of reduced

cytochrome ¢ /min/mg mitochondrial proteins.

ATP amounts in mitochondrial extracts were measured with the ATP Bioluminescent
Assay Kit (Millipore Sigma), as per manufacturer’s instructions. Results were expressed as

nmoles/mg mitochondrial proteins.

Glutaminolysis. Cells were washed with PBS, detached by gentle scraping, centrifuged at
13,000 x g for 5 min at 4°C, re-suspended in 250 pl of buffer A (150 mM KH2PO4, 63 mM
Tris/HCI, 0.25 mM EDTA; pH 8.6) and sonicated. A volume of 100 pl of the whole cell
lysates was incubated for 30 min at 37°C in a quartz cuvette, in the presence of 50 pl of 20
mM L-glutamine and 850 pl of buffer B (80 mM Tris/HCI, 20 mM NAD+, 20 mM ADP,

3% viv H202; pH 9.4). The absorbance of NADH was monitored at 340 nm using a
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Lambda 3 spectrophotometer (PerkinElmer). The kinetics was linear throughout the assay.
The results were expressed as pmol NADH/min/mg cell proteins and were considered as
an index of the activity of glutaminase (GLS) plus L-glutamic dehydrogenase (GLUDH).
In a second series of samples, 20 pL of the GLS inhibitor bis-2-(5-phenylacetamido-1,3,4-
thiadiazol-2-yl)ethyl sulphide BTPES (30 uM) was added after 15 min. This concentration
was chosen as it produced 100% inhibition of GLS activity in our system (not shown). The
absorbance of NADH was monitored for 15 min as described previously. The results,
considered as an index of the activity of GLUDH, were expressed as pmol NADH/min/mg
cell proteins. GLS activity was obtained by subtracting the rate of the second assay from

the rate of the first one.

Ex vivo mitochondria isolation protocol

For the ex vivo experiments, mitochondria were isolated from gastrocnemius
muscle immediately after kidneys procurement from the same animal. The amount
of mitochondria used were 1x108, according to literature [7], [8] and to our previous
experiments. The isolation protocol was adapted from the work of Preble et al [9].
Briefly, 2 gr of muscle were isolated through tissue dissection and the cell debris
were pelleted through a first centrifugation. The supernatant was then centrifugated

at the mitochondria pellet suspended in 0.5 ml RB and used immediately for AMT.

Ex vivo experimental protocol
The ex vivo part of this work was developed at Wake Forest University (NC, USA)
under the supervision of prof. Giuseppe Orlando’s lab. Three male Yorkshire pigs,

weighing on average 25 Kg, were euthanized for a total of six kidneys. In each
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experiment, the paired kidneys were retrieved from the donor pig: one was subjected
to the AMT, the other will be utilized as control. Immediately after the procurement,
the renal artery and vein were cannulated, and a Luer-Lok connector of the
appropriate size was inserted and affixed and rinsed with 500 ml of perfusate (UW
solution). Then, kidneys were rewarmed to 37 C° in a warm water bath for 30 minutes
to mimic the warm ischemia. After that, the renal vein was clamped, and a 10 ml of
mitochondrial solution was injected into the renal artery for 30 min. One kidney was
subjected to the AMT whereas the other was infused with RB alone as control. Lastly,
kidneys were housed in the special container of the NMP, and the renal artery was
connected to the pump for 24h of reperfusion. Each allograft received an arterial
input and an individual venous outflow to have two separate perfusion circuits, one
for the treated kidney and one for the control. The NMP was purchased from BMI

(Virginia, USA) in collaboration with Virginia Tech University (Virginia, USA).

Perfusate analysis

For every experiment, 5 ml of perfusate from control and treated kidneys were
collected at TO (begin of perfusion in the NMP) and T24 (end of perfusion in the
NMP, after 24h), and stored at -20 °C. Both NGAL and KIM1 concentrations on
the in perfusate were analyzed at TO and T24 through Enzyme-linked
immunosorbent assay (ELISA). The NGAL kit were purchased from MyBioSource

(MBS2702466), whereas the KIM-1 from Cloud-Clone corp. (PAA785P001).
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Immunohistochemical analysis

Biopsies collected at T24 were fixed in 4% paraformaldehyde (PFA), embedded in
paraffin, sliced into 5-mm sections and fixed onto polylysine-coated slides. Tissue
sections were deparaffinized in xylene, hydrated gradually through graded alcohols,

and then stained with hematoxylin and eosin by standard procedures.

In situ DNA 3-end labelling

Apoptosis was qualitatively identified in the testes using an in-situ thymidine
deoxyribose-mediated deoxy-UTP nick end labelling (TUNEL) DNA 3-end labeling
kit (Apoptag plus peroxidase in situ apoptosis detection kit, Merk Millipore). Paraffin
sections were rehydrated through an alcohol series. The permeability of the cell
membranes was increased by incubating the sections in 400 ug proteinase K (Roche
Molecular Biochemicals) in 200 ml PBS for 15 min. Endogenous peroxidase activity
was inhibited by quenching the samples for 5 min in 5% hydrogen peroxide. DNA
fragmentation was identified by applying terminal transferase enzyme with
digoxigenin-labelled nucleotides to the samples and incubating for 1 h under
coverslips. Antidigoxigenin antibody was used to recognize the digoxigenin-labelled
nucleotide chains attached to the 3-ends of sample DNA. A colour reaction was
produced with diaminobenzidine in the presence of 0.03% hydrogen peroxide. The
tissue sections were counterstained with hematoxylin. The apoptotic index was
calculated as the ratio of apoptotic cells to total cells in each field, using five random

fields.

81



8. RESULTS

Isolated mitochondria resulted respiration competent, capable of ATP
production, and can be internalize by plated cells.

Prior to the assessment of the functional effect of AMT, the biological activity of
isolated mitochondria obtained from renal proximal tubular cells, together with the
evaluation of their internalization, was demonstrated in vitro. The augment of
luminescence observed in the luciferin-oxyluciferin reaction, indicated that isolated
mitochondria resuspended in respiration Buffer (RB) were capable of ATP
production (fig. 12 A). Notably, increasing the amount of mitochondria resulted in
the linear growths of luminescence (RLU). A further demonstration of the
biological activity of isolated mitochondria was obtained by dyeing them with
MitoTracker red CMXRos, as its accumulation depends upon the mitochondrial
membrane potential. Red-florescent isolated mitochondria were optically detected,
demonstrating the presence of a respiration-competent membrane potential (fig. 12
B). The internalization of mitochondria was demonstrated through optical
visualization and flow cytometry. Mitochondria of human renal proximal tubular
cells (HK-2) were labelled with GFP. GFP-labelled mitochondria were, then,
isolated, and co-incubated with healthy HK-2 cells. The presence of GFP-labelled
mitochondria was detected in plated cells at least three hours after co-incubation
(fig. 12 C). To further confirm the obtained results, isolated mitochondria were

labelled with MitoTracker red, and then co-incubated with HK-2. After co-
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incubation, cells were detached, and the fluorescence emission was analysed.
Compared with negative control, HK-2 treated with isolated mitochondria exhibited
a red-fluorescent emission, confirming the optical evaluation (fig. 13). Taking
together, these results confirmed that, after isolation, mitochondria from renal
proximal tubular cells are biologically active and capable of ATP production.
Furthermore, isolated mitochondria can be actively absorbed by renal proximal

tubular cells.

AMT significantly enhances the proliferative capacity and decrease
cytotoxicity in vitro, in primary ciPTEC cells subjected to I/R damage.

After the assessment of mitochondria internalization, we focused on the possible
protective effect exerted by AMT in an in vitro model of ischemia/reperfusion
injury (IRI), using conditionally immortalized human proximal tubular (ciPTEC).
Primary ciPTEC cells were exposed to IRI, and then subjected to AMT (fig. 14).
Isolated mitochondria were obtained from healthy primary ciPTEC cells. AMT
treatment resulted capable to revert the proliferative impairment generated by IR,
as demonstrated by the increase of ATP production (fig. 15 A) and by the BRDU
proliferation assay (fig. 15 B). Furthermore, the decrease of cell cytotoxicity was
demonstrated by the significant improvement of accumulation and cleavage of GF-

AFC peptide in primary ciPTEC underwent to AMT (fig. 15 C).
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AMT is able to revert the metabolic impairment generated after I/R
exposure in vitro.

To better characterize the mechanism of AMT recovery, we focused on the specific
effect exerted on mitochondria and mitochondrial-related pattern. AMT treatment
on primary ciPTEC significantly decreased the overall oxidative stress, as
demonstrated by the decrease of ROS generation (fig. 16 A) and TBARS production
(fig. 16 B). Coherently, AMT diminished the reduction of mitochondrial membrane
potential after IRI (fig. 16 C), as demonstrated by JC-1 analysis. Furthermore, AMT
was able to revert the detrimental effect on the expression of important enzymes
correlated with TCA cycles (citrate synthase, alpha-ketoglutarate, succinate,
malate) and oxidative phosphorylation (fig. 17 A-D), suggesting an improvement
of mitochondrial function. Interestingly, we detected a significant recovery of
glutaminase expression, an enzyme highly present in tubular kidney cells correlate
with ammonium ions secretion and activation of metabolism (fig. 18 A). Coherently
with the aforementioned results, an augmented ETC activity (fig. 18 B) and ATP
production (fig 18 C) was detected in primary ciPTEC after IRl and AMT treatment.
Taking together, these results demonstrated that AMT treatment is able to
significantly revert the proliferative impairment and partially restore the
mitochondrial network homeostasis generated in an in vitro model of renal tubular

IRI.
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AMT treatment partially reverted the deleterious effect of ischemia in
an ex vivo porcine model of organ preservation.

To further confirm the obtained results, AMT was tested in porcine an ex vivo of
RT preservation. Both kidneys of male Yorkshire pigs were collected and exposed
to warm ischemia, in order to mimic the ECD situation. Then, one of the kidneys
was perfused for 30’ with isolated mitochondria in RB, whereas the other with RB
alone, as control. Mitochondria were obtained from a skeletal muscle section of the
same pig. After the treatment, both the kidneys were connected to a normothermic
machine perfusion (NMP) for 24h. Immediately before the AMT treatment and 24h
after perfusion in the NMP a biopsy of both the kidneys were collected for further
analysis. In order to evaluate alterations in the presence of damage markers, samples
of the perfusate were collected at the beginning (TO) and at the end (T24) of the
perfusion. The schematic representation of the experimental project is depicted in

figure 19.

First, the presence of damage markers KIM-1 and NGAL in the perfusate were
analysed through ELISA. At TO we did not observe any difference in expression of
KIM-1 and NGAL between treated and controls kidneys. As expected, at T24, both
control and treated kidneys showed an increase in the expression of these markers;
however, the augmentation is less marked in organs subjected to AMT, as visible
in figure 20 A, B. The difference of expression between control and treated kidneys
falls to be significative, mostly due the low number of replicate and the
physiologically high variability of this model. Nevertheless, a marked trend

between the two condition is clearly visible. After the assessment of damage
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markers in the perfusate, we focused on the analysis of the tissue homeostasis in the
biopsies at T24. The histological evaluation of the H&E staining revealed the
presence macroscopic damage in both the treated and the control kidneys (fig. 21
A, B). Interestingly, the TUNEL analysis highlighted a significant difference in the
presence of apoptotic cells between treated and control kidneys (fig 21 C).
considering these findings, the differences in both the expression of kidneys-
associate damage markers and the number of apoptotic cells between treated and
control samples suggests a biological protective effect exerted by isolated

mitochondria, confirming the in vitro results.
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Figure 12. A. Isolated mitochondria were resuspended in RB at different concentrations
(100 pg/ml, 70 pg/ml, 10 pg/ml, and buffer alone (HB)). The increase of luminescence
caused by luciferin-oxyluciferin reaction indicates that the increase mitochondria
concentration resulted in a linear increase in ATP concentration. n=3 B. Up,
representative image of isolated mitochondria labelled with mitotracker red. Down,
mitotracker is absorbed from viable mitochondria. C. Representative of mitochondria
internalization. GFP-labelled mitochondria are absorbed by cultured cells. Actin is
labelled in red.
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Figure 13. Isolated mitochondria were labelled with mitotracker red and then co-incubated
with plated HK-2 cells. Cells were then washed three time with PBS, detached and analyzed
through flow cytometry. Cell co-incubated with red-mitochondria exhibited red
fluorescence, proving the absorption of isolated mitochondria.
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Figure 14. Experimental scheme of the in vitro experiments. ciPTEC cells were subjected
to IRI, and then co-incubated with mitochondria isolated from healthy ciPTECs for 24h. after

that, cells were washed three times rinsed with normal medium for 72h.
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Figure 15. A. Quantification of total ATP production. AMT was able to increase total
ATP production after IRl damage. n=4. B. AMT increased the proliferation capacity of
ischemic ciPTEC cells plated in 96 well/plates in equal number. n=4. C. ciPTECs
treated with mitochondria showed a reduced cytotoxicity compared to controls. n=6.
For all these experiments, ciPTEC cells were cultured in 96 well/plate in equal number

in each condition and subjected to IRI. Then were treated with mitochondria in RB or
RB alone.
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Figure 16. A. AMT is able to reduce the ROS augmentation subsequent to IRI. B. ROS
decrease is further confirmed from the decreasing of TBARS after AMT. C. JC-1

analysis showed the restoration of mitochondrial membrane potential exerted from
AMT treatment.
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Figure 17. AMT treatment restored the activity of key TCA cycle-related enzymes after
IRI treatment. A. Citrate synthase is commonly used as a quantitative enzyme marker for
the presence of intact mitochondria. B. catalyzes the overall conversion of 2-oxoglutarate
(alpha-ketoglutarate) to succinyl-CoA and CO2 during the citric acid cycle. C, D.
succinate is oxidized to fumarate by succinate DH, followed by malate DH.
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Figure 18. A. AMT was able to lower the activity of glutaminase expression, an
enzyme highly present in tubular kidney cells correlate with ammonium ions secretion
and activation of metabolism. B, C. Electron transport chain (ETC) and total ATP

concentration were significantly increased after AMT.
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Figure 19. Graphic visualization of the ex vivo experimental setting. Both kidneys
were collected immediately after pig sacrifice, and subjected to warm ischemia for 30
min. Then, one Kidney was treated with isolated mitochondria whereas the other used

as control. After 30 minutes, both kidneys were connected to NMP for 24h.
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Figure 20. A. Level of NGAL in the perfusate in control kidney (red) and mitochondria-
treated kidney (blue), at TO and T24. B. KIM-1 expression in the perfusate in control
kidney (red) and mitochondria-treated kidney (blue), at TO and T24.

C TUNEL assay

nuber of apoptotic cells

T =24h

Figure 21. histological evaluation of the H&E staining in control (A) and treated (B)
revealed the presence macroscopic damage in both the treated and the control kidneys.
C. TUNEL assay revealed the decrease of apoptosis induced by IRI damage after
AMT treatment.

93



9. DISCUSSION

Organ transplantation is victim of its own success. In view of its excellent results,
the demand for transplantable organs is escalating while the supply has reached a
plateau. Consequently, waiting times and patient’s mortality on the waiting list are
increasing dramatically [10]. Yet, the majority of the organs that are procured for
transplant purposes are discarded [11]. In the case of RT, which is the most
frequently transplanted organ worldwide, one third of the organs that are procured
from deceased donors are not used, mainly for severe IRI [12]. It is intuitive that
the identification of strategies to render these kidneys transplantable represents one
of the most urgent needs of modern transplantation. The overarching goal of our
research is therefore to provide evidence of the efficacy of AMT in treating IRI in
the setting of RT. This need is even more urgent if we consider the data relative to
the CKD pandemic and its costs. In fact, 10% of the world population is affected
by CKD; in the US, one out of 7 individuals. In 2010, 2.62 million people received
dialysis worldwide but the need for dialysis was projected to double by 2030. This
means that the number of patients that will eventually need a new kidney will
increase exponentially in the next decade. Moreover, transplant is more cost-
effective than alternative renal replacement strategies like dialysis [12]. In 2015, in
the US, Medicare expenditures on chronic and end-stage kidney disease were more
than 64 billion and 34 billion dollars, respectively. Much of the expenditure,
morbidity and mortality previously attributed to diabetes and hypertension are now

attributable to kidney disease and its complications [13]. Traditionally, organs
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procured from deceased donors for transplant purposes have been stored at 2-4°C
in order to reduce anaerobic metabolism and mitigate the cascade of event triggered
by ischemia that may culminate in cellular death [14]. Unfortunately, cold storage
does not completely halt the above sequence of events. In fact, studies involving
cold storage of human proximal tubular epithelial cells showed that cell death was
predominantly from necrosis, with signs of mitochondrial swelling and membrane
disruption. Upon rewarming and reperfusion, there is a switch to apoptosis of the
epithelial cells. Additional evidence suggests that with as little as 2 hours of cold
ischemia time, there is an increase in mitochondrial permeability transition pores,
with translocation of cytochrome C and subsequent activation of the Bcl-2 and
caspase-3 pathways. As the mitochondrial respiratory complexes begin to fail
during ischemia, ROS are formed and this is undesirable because a sudden burst in
ROS production will also occur after reperfusion in the recipient, so overwhelming
the physiological antioxidant mechanisms [14]. Herein, we propose AMT as
mechanism of amelioration of marginal renal allografts that are subjected to
normothermic machine perfusion (NMP). We are doing so for two reasons. First,
robust data show that NMP is superior to cold storage and has the dual potential of
improving organ function post transplantation, while allowing for accurate
functional assessment in a near-physiologic state, helping to improve kidney
utilization and outcomes from marginal graft. Second, it has been recently shown
that AMT prolongs cold ischemia time to 29 hours in a murine model of heart
transplantation, significantly enhances graft function, and decreases graft tissue

injury [11].
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In the first part of the project, we evaluated the possible protective effect of AMT
in vitro, on human renal proximal tubular cells. To work efficiently, tubular cells
require high amounts of ATP; thus, the disruption of the mitochondria networking
subsequent to IRI have a great influence of tubular cells homeostasis. The cell line
we used were the ciPTEC cells, conditionally immortalized cells that can be easily
expanded and, at the same time, be switched to primary cells for experiments.
Firstly, we showed that AMT on ciPTEC underwent to IRl increased the
proliferation capacity and decreased the intracellular cytotoxicity compared to
control, similarly to previous result from Konari et al [6]. The second step was to
deeper investigate the possible protective effect of AMT on the mitochondrial
network. We detected a significant decrease in mitochondrial membrane potential
alteration following AMT, together with the reduction of ROS and Thiobarbituric
Acid Reactive Substances (TBARS), byproducts of ROS augmentation. At the
same time, the assessment of the activity of mitochondrial-related enzymes showed
the significant increase in the activity of TCA cycle related enzymes (citrate
synthase, alpha-ketoglutarate, succinate, and malate) as well as enzymes involved
in oxidative phosphorylation. Coherently with these observations, we measured an
increased intracellular ATP concentration in AMT-treated cells. Taking together,
this data demonstrated that AMT is able to revert the detrimental effect of IRI in
vitro, rescuing the proliferative capacity of cell and diminishing the cytotoxicity.
AMT is, moreover, able to restore the partially disrupted mitochondrial
homeostasis, increasing the activity of mitochondrial-related enzymes, restoring the

mitochondrial membrane potential, and increasing the ATP production in vitro.
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In the second part of our work, conducted in cooperation with Wake Forest
University (Wiston-Salem, NC, USA), we tested AMT treatment in an ex vivo
preclinical model of RT preservation. The kidneys of three Yorkshire pigs were
subjected to warm ischemia; then, one was treated with isolated mitochondria from
skeletal muscle, whereas the other was injected with RB alone and used as control.
Our findings suggest that AMT is able to partially revert the tissue damage affected
by IRI. In fact, the presence of KIM-1 and NGAL in the perfusate resulted
diminished, while the number of apoptotic cells in the control was significantly
higher than treated. Other experiments are planned to further confirm the protective
effect of AMT ex vivo. In particular, we planned to deeper analyze the presence of
indicative proteins and markers in the perfusate using the RAMAN spectroscopy,
together with the investigation of the protein expression through RNA seq of

biopsies.
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