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Organ preservation and assessment with machine perfusion (MP) has provided transplant
physicians with the ability to evaluate and select grafts suitable for transplantation.
Nevertheless, the discard of organs considered too damaged still sustains the imbalance
between donor organs supply and demands. Therefore, there is the pressing clinical need
for strategies to repair and/or regenerate organs before transplantation, and MP is uniquely
positioned to satisfy this need. The systemic administration of mesenchymal stromal cells
(MSC) was shown to reduce ischemia-reperfusion injury in pre-clinical organ transplant
models but could not be reproduced in clinical transplantation, largely because of inefficient
cell delivery. The administration of MSC during MP is one strategy that recently gained much
attention as an alternative delivery method to target MSC directly to the donor organ.
However, careful reinterpretation of preliminary results reveals that this approach is equally
limited by a suboptimal delivery of short-livedMSC to the target organ. In contrast, the use of
MSC secretome and/or extracellular vesicles therapy during MP seems to be more efficient
in harnessingMSC properties duringMP. In this mini reviewwe speculate on the future of the
novel niche of ex situ organ repair and regeneration before transplantation.

Keywords: organ repair, organ regeneration, machine perfusion, dynamic preservation, organ preservation,
mesenchymal stromal cell, extracellular vesicles

INTRODUCTION

The field of organ preservation for transplantation has undergone significant changes due to the
increasing use of grafts from high-risk donors. The need for improved preservation of these organs
has prompted a progressive shift from static cold storage to dynamic organ preservation strategies,
also known as machine perfusion (MP). Dynamic organ preservation strategies have also moved the
field at the intersection with regenerative medicine as they provide a platform for repairing and
regenerating organs before transplantation [1]. However, prolonged ex situ preservation for multiple
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days is likely required to achieve clinically meaningful organ
repair and regeneration during MP. Recent advancements in liver
normothermic-MP (NMP), which allows for the preservation of
the liver for up to 1 week [2], suggest that this may soon be
attainable for all other transplantable organs.

To this end, several interventions during MP have been
proposed, including cell therapy, pharmacological agents, gene
modulation and editing, and nanoparticles [3]. Whereas most of
these strategies are still in early stages of investigation, numerous
pre-clinical studies have shown that the systemic administration
of mesenchymal stromal cells (MSC) reduces ischemia-
reperfusion injury (IRI) during organ transplantation [4]. MSC
suppress the inflammatory response, downregulate innate and
adaptive immunity, and promote organ regeneration, thereby
interfering with the major pathophysiological events of IRI in
transplantable organs [4]. However, the clinical application of
MSC systemic treatment during organ transplantation has failed
to replicate these results [5], one of the major putative cause being
the inefficient delivery of MSC to the target organ. Therefore,
MSC administration during MP has gained interest as an
alternative method to deliver the cells directly to an organ and
circumvent the shortcomings of systemic administration.
Nevertheless, the efficiency of this approach in delivering
MSC-therapy to organs for transplantation remains
underinvestigated. In this narrative minireview, we summarize
results and limitations of MSC-therapy during MP based on
available evidence from published studies. To select these studies,
we utilized a systematic literature search approach, a rigorous
method for minimizing biases during evidence selection (see
Supplementary Material for additional method information).
Additionally, we hypothesize a path towards a cell-free future for
ex situ organ repair and regeneration.

NOVEL DELIVERY METHOD, SAME
SHORTCOMINGS

Unlike preclinical transplant models of MSC-therapy, clinical
studies have failed to show significant benefits from systemic
MSC administration on post-transplant IRI [6, 7]. This was
ascribed to inefficient and off-target delivery of cells to the
graft [5]. Systemic infusion of MSC are short-lived as the cells
are primarily sequestered in the lungs and eliminated by resident
monocytes [5]. Administration of stem cells after organ
transplantation has also been associated with a pro-
inflammatory effect, which further damages the graft [8].
Lastly, calcineurin inhibitors suppress the immunomodulatory
properties of MSC in vitro [9]. To overcome these hurdles, it was
proposed to deliver the cells directly to an organ during MP,
before the full extent of IRI events has occurred and interference
with immunosuppressive agents can take place.

However, the currently available pre-clinical evidence
shows that MSC delivery during MP presents shortcomings
similar to those of systemic therapy, as summarized in Table 1
and depicted in Figure 1. A significant proportion of MSC
injected through the vascular cannula during MP are
eliminated by a “device barrier,” constituted by

oxygenator(s) and filter(s), which remove the cells from the
perfusate similarly to the “lung barrier” phenomenon in
systemic MSC-therapy. In a porcine kidney study, Pool
et al. demonstrated that 90% of infused MSC are
eliminated from the perfusate in a NMP circuit operated
without the organ, and that only a few MSC were retained
after the first passage through the kidney [10]. In a porcine
lung NMP model, Mordant et al. found MSC sequestered in
the leukocyte filter [11]. Similarly, Laing et al. did not observe
any cell in left hepatic segments after selectively delivering
multipotent adult progenitor cells (MAPc) to the right hemi-
liver during NMP of discarded human grafts [12]. These
results indicate that, at best, only a (small) fraction of MSC
is effectively retained in the perfused organ. Additionally,
biodistribution studies have shown that MSC have an
inhomogeneous distribution in otherwise well-perfused
kidney [10] and liver [13] grafts. In accordance with this,
histological studies have shown that <10 cells per high-power
field are found outside of the vascular space during MP of the
liver [12, 13], lung [11], and kidney [14, 15]. Although in the
study by Pool et al. increasing the dose of MSC increased the
number of cells observed at histology, a dose of MSC far
exceeding the previously suggested range for MSC systemic
therapy was needed to visualize the cells in the glomeruli of
porcine kidneys [10]. Lastly, five other studies reported that
MSC did not leave the perfusate or migrate out of the vascular
lumen during MP of human and porcine kidneys [16] and rat
livers [17–20] (Table 1).

Next to the “device barrier” and low cell retention rates,
there are also indications that MSC infused during MP are
short-lived, likely due to factors such as mechanical trauma,
perfusate toxicity, or phagocytosis by resident monocytes.
Pool et al. consistently observed disintegrated MSC in
porcine glomeruli colonized by stem cells [10], whereas
Thompson et al. reported that at the end of NMP of
discarded human kidneys only 21% of the MAPc still
circulating in the perfusate were viable (Table 1) [15].
Research has shown that, compared to standard culturing
medium, suspending MSC in a standard red blood cells-based
MP perfusate reduces significantly their survival and
adherence to endothelial cells [21]. Additionally, because
monocytes were already shown to phagocyte MSC [5], it is
plausible that resident monocytes and/or passenger
leukocytes will eliminate MSC during MP (Figure 1).
However, to date this phenomenon has not been
investigated yet.

Despite the low cell retention rates, there are indications of
significant anti-inflammatory [15, 22], immunomodulatory [18]
and pro-regenerative [16, 20] effects of MSC-therapy during MP
(Table 1). Nevertheless, the clinical relevance and durability
remain unclear as the few studies that transplanted MSC-
treated grafts have only reported short-term follow-ups with
contrasting results (Table 1). Rat livers were transplanted after
MSC-therapy during MP, showing significant improvement of
survival and reduction of the incidence of acute cellular rejection
at 14 days post-transplant [18]. Porcine lungs treated with MSC
were transplanted and followed up for 4 h after reperfusion,
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TABLE 1 | Summary of findings of studies investigating stem cell therapy delivery during ex situ dynamic organ preservation identified after systematic search of the literature (details in Supplementary Material). Results
from preliminary studies investigating extracellular vesicle therapy during machine perfusion of transplantable organs are also summarized.

Studies investigating mesenchymal stromal cell delivery during dynamic organ preservation

Study Subject Organ Organ
transplant

Type and
duration MP

MSC
type

MSC
dose

MSC
paracrine
activity

during MP

Device barrier MSC
migration

from vascular
space

MSC
engraftmenta

MSC Viability MSC therapeutic
effect

Effect
without

engraftment

[36] Human Lungs
(discarded)

No Normothermic,
4 h

Human 5*106 NA NA NA NA NA ↑ alveolar fluid
clearance

NA
BM-MSC

[8] Human Lungs
(discarded)

No Normothermic,
4 h

MAPc 107 NA NA NA NA NA ↓ BAL cellularity &
histological
inflammation

NA

[9] Pig Lungs No Normothermic,
max 12 h

Human 50*106 NA Yes, MSC trapped
in filters

Yes, some
cells in the
lumen at
histology

Yes,<10 cells/
HPF

NA ↓ IL-8 perfusate
concentration

NA
UC-MSC 150*106

300*106

[10] Rat Kidneys No Hypothermic,
4 h

Rat 3*106 NA NA Yes Yes,<10 cells/
HPF

NA ↓ severity
histological
damage

NA
BM-MSC

[37] Pig Lungs No Normothermic,
6 h

MAPc 150*106 No NA No No NA No significant
therapeutic effect

NA

[34] Mouse Lungs No Normothermic,
1 h

Human 3*106 NA NA NA NA NA ↑ compliance NA
UC-MSC ↓ inflammation,

neutrophil
infiltration &
oedema

[38] Rat Liver No Normothermic,
2 h

Swine 0.2*106 NA NA NA NA NA No significant
therapeutic effect

NA
AD-MSC 106

[11] Human Kidneys
(discarded)

No Sub-
normothermic,
24 h

Not
specified

25*106 Yes No No, 95% MSC
still circulating
at the end
of MP

No NA ↑ renal cell
proliferation &
tissue
regeneration

Yes
50*106

75*106

1*108

2*108

[12] Pig Kidneys No Normothermic,
7 h

Human 1*105 NA Yes,
Inhomogeneous
distribution in well
perfused kidneys

No No Disintegrated
MSC in
colonized
glomeruli

Study investigating
feasibility and
biodistribution

NA
AD-
MSC &

1*106

BM-MSC 1*107

[13] Pig Lungs Yes,
f-up 4 h

Normothermic,
12 h

Human 50*106/
Kg

Yes NA Yes,
Unspecified
proportion of
MSC remained
in the lumen

Yes, alveolar
interstitium

Yes, indirect
evidence based
on production of
human
cytokines

During MP: ↓
apoptosis &
perfusate
concentration of
IL-18 and IFNγ, ↓
peak airways
pressure

NA

UC-MSC Post-transplant: ↓
oedema & severity
histological injury,
f-up limited to 4 h
(Continued on following page)

Transplant
International|P

ublished
by

Frontiers
N
ovem

ber
2023

|V
olum

e
36

|A
rticle

11947
3

G
ilbo

et
al.

O
rgan

R
egeneration

D
uring

M
P



TABLE 1 | (Continued) Summary of findings of studies investigating stem cell therapy delivery during ex situ dynamic organ preservation identified after systematic search of the literature (details inSupplementaryMaterial).
Results from preliminary studies investigating extracellular vesicle therapy during machine perfusion of transplantable organs are also summarized.

Studies investigating mesenchymal stromal cell delivery during dynamic organ preservation

Study Subject Organ Organ
transplant

Type and
duration MP

MSC
type

MSC
dose

MSC
paracrine
activity

during MP

Device barrier MSC
migration

from vascular
space

MSC
engraftmenta

MSC Viability MSC therapeutic
effect

Effect
without

engraftment

[14] Human Kidneys
(discarded)

No Normothermic,
7 h

MAPc 50*106 Yes No Yes,
Unspecified
proportion of
MSC kept
circulating at
the end of MP

Yes, glomeruli in
the cortex,
peritubular space
in the medulla

21% of
circulating MSC
were viable

↑ urinary output &
medullar flow

NA

↓ urinary
concentration
NGAL & perfusate
concentration
IL-1β
↑ perfusate
concentration
IL-10

[15] Human Liver No Normothermic,
6 h

MAPc 50*106 Yes Yes, MSC infused
via left hepatic
vessels did not
reach right
segments

Yes, only if
infused via the
hepatic artery

Yes, only if infused
via the hepatic
artery

NA ↓ perfusate
concentration pro-
inflammatory
cytokines

Yes

↑ perfusate
concentration anti-
inflammatory
cytokines

[16],
[39]

Rat Liver No Normothermic,
8 h

Rat 1–3*107 NA NA No No NA ↓ perfusate AST/
ALT and severity
histological
damage

Yes

BM-MSC ↓ mitochondrial
injury

[17] Pig Liver No Hypothermic for
MSC delivery,
30 min

Human 5*106 Yes Yes,
inhomogeneous
distribution in well
perfused livers

Yes Yes Yes, indirect
evidence based
on production of
human
cytokines

Study investigating
feasibility and
biodistribution

NA

Normothermic
for functional
assessment, 4 h

BM-MSC 1*107

[12] Pig Kidneys No Normothermic,
7 h

Human 1*107 Yes NA NA NA No significant
therapeutic effect

NA
AD-MSC
&
BM-MSC

[18] b Pig Kidneys Yes, f-up
14 days

Normothermic,
4 h

Human 1*107 NA NA NA Yes, Y human
chromosome
detected in
parenchyma but
circa 20-fold ↓
14 days post-
transplant

NA No safety concern
during perfusion,
No significant
post-transplant
therapeutic effect

NA
AD-MSC

[19] Rat Liver Yes, f-up
14 days

Normothermic,
4 h

Rat 1*107 NA NA No No NA ↓ post-transplant
AST/ALT release &
acute cellular
rejection

Yes
BM-
MSCc

(Continued on following page)
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TABLE 1 | (Continued) Summary of findings of studies investigating stem cell therapy delivery during ex situ dynamic organ preservation identified after systematic search of the literature (details inSupplementaryMaterial).
Results from preliminary studies investigating extracellular vesicle therapy during machine perfusion of transplantable organs are also summarized.

Studies investigating mesenchymal stromal cell delivery during dynamic organ preservation

Study Subject Organ Organ
transplant

Type and
duration MP

MSC
type

MSC
dose

MSC
paracrine
activity

during MP

Device barrier MSC
migration

from vascular
space

MSC
engraftmenta

MSC Viability MSC therapeutic
effect

Effect
without

engraftment

[20] Rat Liver No Normothermic,
6 h

Rat 1*107 NA NA No No NA ↓ severity of
ferroptosis &
perfusate AST/
ALT concentration

Yes
BM-MSC 3*107

[21] Rat Liver Yes, f-up
14 days

Normothermic,
4 h

Rat 1–3*107 NA NA NA Unspecified
location in the
hepatic tissue

NA During MP: ↑
proliferation
cholangiocyte
extrahepatic bile
duct and
preservation of
epithelial lining

NA

BM-
MSCc

Post-transplant: ↓
AST/ALT/GGT/bili
7 days post-
transplant; ↑
proliferation & ↓
apoptosis
peribiliary glands

Studies investigating extracellular vesicles delivery during dynamic organ preservation

Study Subject Organ Organ
transplant

Type and
duration MP

Source of EV EV dose EV uptake confirmed EV therapeutic effect Compared to MSC

[22] Human Lungs
(discarded)

No Normothermic, 6 h Human
BM-MSC

100–200 μL In vitro only (human alveolar
epithelial type 2 cell line)

↑ alveolar fluid clearance & ↓ oedema and
weight gain, ↑ compliance

No

[10] Rat Kidneys No Hypothermic, 4 h Rat BM-MSC Concentration not reported,
EV released by 3*106 cells

NA ↓ perfusate LDH and MDA, ↑ glucose
metabolism,↓ severity histological
damage

Yes, magnitude of
effects of EV > MSC

[34] Mouse Lungs No Normothermic, 1 h Human
UC-MSC

Concentration not reported,
EV released by 3*106 cells

NA ↑ compliance, ↓ inflammation, neutrophil
infiltration & oedema

Yes, magnitude of
effects of EV = MSC

[23] Rat Liver No Normothermic, 4 h Human liver
stem-like cells

5*108 EV/g of liver Yes, intracellular localization
in hepatocytes

↓ perfusate AST & severity histological
damage

No

[24] Rat Lungs No Normothermic, 3 h Human
BM-MSC

24.56 ± 5.53 *1010 EV/mL,
5 mL were administered

Yes, intracellular localization
in alveolar cells

↓ total vascular resistance, ↑ glucose
metabolism and tissue content of ATP

No

[25] Rat Liver No Normothermic, 6 h Human liver
stem-like cells

5*108 EV/g of liver Yes, intracellular localization
in hepatocytes

↓ perfusate AST/ALT & ↑ bile excretion, ↓
necrosis & ↑ hepatocellular proliferation

No
25*108 EV/g of liver

[26] Human Kidneys
(discarded)

No Hypothermic, 4 h Human
BM-MSC

28.5*10̂9 NA ↓ apoptosis & ↑ tubular cells proliferation,
↓ mitochondrial injury

No

aRefers to the visualization of MSC between parenchymal cells (outside of the vascular lining) at histology. When available, the estimated cellular concentration is reported.
bIn this study, porcine kidneys underwent 14 h preservation with hypothermic oxygenated MP, followed by 4 h of normothermic MP with or without MSC infusion.
cIn these studies, MSC were modified to overexpress the enzyme heme oxygenase 1.
Abbreviations: AD-MSC, adipose-derivedmesenchymal stem cells; ALT, alanine transaminase; AST, aspartate transaminase; ATP, adenosine triphosphate; BAL, bronchoalveolar lavage; BM-MSC, bonemarrow-derivedmesenchymal stem
cells; EV, extracellular vesicles; HPF, high-power field; IFNγ, interferone gamma; IL-1β, interleukin 1 beta; IL-8, interleukin 8; IL-10, interleukin 10; IL-18, interleukin 18; LDH, lactate dehydrogenase; MAPc, multipotent adult progenitor cells;
MDA, malondialdehyde; MP, machine perfusion; NGAL, neutrophil gelatinase-associated lipocalin; UC-MSC, umbilical cord-derived mesenchymal stem cells.
NA, or not applicable, is assigned when a manuscript reported insufficient details for accurate evaluation.
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showing reduction of pulmonary oedema and severity of
histological injury [23]. In contrast, porcine kidneys that were
transplanted after MSC-therapy during NMP showed no relevant
therapeutic effect within 14 days after transplantation [24].

Hence, while a direct comparison is lacking, available pre-
clinical evidence indicates that MSC-therapy during MP
presents similar shortcomings and may not be more
effective than MSC systemic therapy in delivering the cells
to the graft. Furthermore, allogeneic MSC-therapy during MP
does not eliminate the potential for recipient allo-
sensitization to cell donor antigens [6, 25] or malignant
transformation of (the few) successfully engrafted cells.
These are two potential complications that cannot be ruled
out when allogeneic stem cells are administered to patients
who will receive immunosuppressants after transplantation.

CELL-FREE ORGAN REPAIR AND
REGENERATION DURING EX SITU
DYNAMIC PRESERVATION
While MSC administration during MP does not have high
efficiency in cell delivery, the anti-inflammatory [12],
immunomodulatory [18], and regenerative [16, 20] effects of
MSC, as well as significant reduction in the severity of graft injury
[14, 17, 19, 20] have been observed during perfusion. These
effects were observed even whenMSC remained suspended in the
perfusate, did not migrate out of blood vessels, or did not survive
(Table 1). Most strikingly, Brasile et al. found that renal cell
proliferation was significantly enhanced in perfused kidneys
despite the fact that 95% of MSC did not migrate in the renal
tissue but remained in the perfusate for 24 h [16]. This effect was

FIGURE 1 | Overview of current knowledge on cell therapy delivery during ex situ dynamic preservation. Mesenchymal stromal cells (MSC) are perfect candidates
for organ repair and regeneration during ex situ dynamic organ preservation due to their anti-inflammatory, regenerative, and immunomodulatory properties. However, a
“device barrier” created by components of the perfusion circuit (i.e., oxygenator(s) and filter(s)) sequester the cells from the circulating perfusate, with a bottleneck effect
on the number of cells that effectively reach the parenchyma during perfusion. Additionally, migration of stem cells out of the vascular space is infrequent, only few
cells are usually observed in the parenchymal space at histology, and parenchymal retention rate of stem cell is rather low. Furthermore, monocytesmay actively eliminate
successfully engrafted stem cells, similarly to what has been previously observed in pre-clinical studies. Because secretion of soluble factors has been observed during
perfusion, it is plausible that the biological effects of stem cells aremostly dependent on paracrinemediators, extracellular vesicles (EV) included. EV delivery during ex situ
dynamic organ preservation has been shown to circumvent the “device barrier” while intracellular uptake of EV has been demonstrated during lung and liver perfusion
specifically, resulting in significant anti-inflammatory and regenerative effects. Therefore, EV therapy may be more effective than MSC therapy in promoting organ repair
and regeneration during ex situ dynamic organ preservation because of more efficient therapy delivery. Next to a more efficient therapy delivery, cell-free therapy with EV
prevents resident monocytes activation and eliminates the risk of malignant transformation and recipient sensitization, which cannot be excluded when allogenic stem
cells are administered.
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attributed to the release of growth factors by MSC [16]. Several
other MP studies reported that MSC actively secrete soluble and
paracrine factors in the perfusate (Table 1) [12, 13, 15, 23, 26].
The frequent observation that MSC have significant detectable
effects during MP even when no direct contact between MSC and
parenchymal cells has taken place, and that MSC secrete
paracrine mediators during MP, strongly suggest that their
effects rely mostly on soluble factors and paracrine mediators,
such as growth factors, cytokines, chemokines, and extracellular
vesicles (EV). This implies that the biological properties of MSC
beneficial against organ IRI could be harnessed during MP with a
cell-free therapy consisting of MSC secretome and/or purified
EV [4, 5].

EV are nano-sized particles released by every (stem) cell. As they
contain genetic information, growth factors, and signal transduction
molecules [4], they play an important role in (stem) cell-mediated
regulation of homeostasis and orchestration of tissue regeneration
[27]. Upon internalization by neighboring or distant target cells, EV
release their biological active cargo and induce epigenetic
modifications of target cell biology, mediating the biological effects
of the parent stem cell. During ex situ dynamic organ preservation,
cell-free therapy with concentrated stem cell-derived EV has already
shown encouraging results (Table 1). Studies have already
demonstrated that EV are taken up by alveolar cells and
hepatocytes during perfusion in rodent models of NMP of freshly
procured lungs [28] and livers [29], resulting in significant
improvements in pulmonary metabolism and adenosine
triphosphate content [28], as well as reduction in transaminases
and severity of histological injury during perfusion [29]. Additionally,
in the study by De Stefano et al., EV from human liver stem-like cells
reduced hepatocellular injury and increased cell proliferation during
NMP of rat livers that suffered 60min warm ischemic injury [30].
Gennai et al. showed that EV-therapy during NMP of discarded
human lungs significantly improved alveolar fluid clearance, reducing
inflammation and pulmonary oedema [31]. Gregorini et al. delivered
MSC-EV during hypothermic-MP of rat kidneys, showing a
significant reduction in markers of renal injury and oxidative
stress [14]. The same group reported similar observations with
EV-therapy during hypothermic-MP of discarded human kidneys
[32]. If replicated, these findings would indicate that there may be an
additional window of opportunity to deliver cell-free therapy during
hypothermic dynamic organ preservation. However, transplantation
of grafts treated with EV during MP has not been attempted yet, and
future studies should focus on testing the hypothesis that EV-therapy
at the time of MP affects post-transplant outcomes.

Hypothetically, cell-free therapy during MP could also avail of
the delivery of MSC secretome, which contains both soluble
factors and EV. To our knowledge, this therapeutic option has
not yet been investigated.

DISCUSSION

The Future is Nano
Dynamic organ preservation strategies have entered the clinical arena
and are expected to improve the preservation of high-risk organs.
MSC-therapy duringMPwas proposed as an approach to repair high-

risk grafts that are deemed too damaged and render them suitable for
transplantation [1, 3]. However, there is sufficient accumulated
evidence to conclude that MSC are short-lived during MP and
poorly delivered to the target organ, similarly to systemic MSC-
therapy, while the inherent risks of recipient’s sensitization [6] and
malignant transformation remain. Therefore, although cell therapy
may still play a role for instance in the recellularization of human
organ scaffolds, alternative strategies for repairing and regenerating
organs ex situ should be investigated in the future.

MSC-derived cell-free therapy during MP has several advantages
and circumvent the shortcomings of MSC delivery during ex situ
dynamic preservation. In a recent systematic review of preclinical
studies, we examined the efficacy of EV-therapy derived from stem
cells in mitigating IRI in transplantable organs. Our findings indicate
that EV-therapy significantly enhances post-reperfusion outcomes,
histology, and function in the heart, lung, liver, and kidney, regardless
of the originating stem cell source [33]. As EV and soluble factors are
unaffected by the “device barrier” phenomenon [28–30], it can be
hypothesized that the EV delivery during MP will be more efficient
than MSC delivery (Figure 1). Furthermore, whereas MSC
suspended in the perfusate at the end of MP are flushed out of
the organ before transplantation, the intracellular localization of EV
during MP [30, 31] ensures that they will be readily available at the
time of graft reperfusion. The EV intracellular localization also
prevents their elimination by resident monocytes, and the absence
of human leukocytes antigens on EV membranes minimizes the risk
of allo-sensitization in the recipient. Additionally, cell-free therapy
during MP eliminates the risk of malignant transformation of
engrafted cells. Lastly, the use of concentrated EV may offer a
selective advantage because they transfer mRNA and miRNA.
This transfer has the potential to induce long-lasting biological
changes in target cells, which may persist even after graft
reperfusion. For these reasons, and because EV possess biological
properties comparable to those of the parental stem cell population, it
can be hypothesized that EV-therapy will be safer and more efficient
than MSC delivery during MP in harnessing MSC properties for
repairing and regenerating organs before transplantation. Treatment
with EV during MP has already delivered encouraging preliminary
results [29, 31]; nevertheless, this hypothesis must be tested in
preclinical transplant models of high translational value, as well as
in clinical studies.

To move toward clinical applications, it is crucial to determine
whether the therapeutic effects of EV match those of their parent
stem cells. Preliminary studies suggest that MSC and EV-therapy
during MP yield similar results [14, 34]. Nonetheless, further
research is required to validate this hypothesis. Additionally, the
mechanisms of protection against organ IRI of soluble factors and
EV released by different stem cell types should be thoroughly
assessed and compared. Indeed, given the complex
pathophysiology of IRI, a combined treatment with soluble
factors and EV from multiple sources may deliver superior
benefits. Dose-finding studies in a clinically relevant model are
also necessary to identify the optimal dose of EV and/or soluble
factors needed to yield relevant and durable therapeutic effects
[33]. Currently, the dose of EV necessary for treating human
organs can only be projected based on small animal studies, and
inter-species difference may lead to overestimation of the
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therapeutic dose. This is a crucial point since the large scale
production of purified EV is currently an unmet need and one of
the major impediments to the clinical application of EV-therapy
due to technological limitation. Pre-clinical studies with a
larger model, phylogenetically closer to the humans may
improve the estimation of the therapeutic dose. Next to
organ transplantation, EV-therapy may be of benefit in
several medical fields, including genetic and oncological
diseases. Indeed, EV can be engineered and programmed to
interact with specific cell populations to deliver a cargo
enriched with gene modulating and editing agents for the
treatment of genetic conditions [35], or chemotherapy and
other antineoplastic agents for the treatment of malignant
diseases. Thus, there seems to be ample convergence of
interests for academic centres and industry to engage in
research cooperations to foster technological advancements
and develop procedures for scalable production and
purification of EV compliant with good manufacturing
practice. We strongly advocate for this type of cooperation
as an essential step towards bringing EV-therapy to clinical
practice, in particular to the novel field of ex situ organ repair
and regeneration before transplantation.

In conclusion, MSC-therapy during MP is burdened by
suboptimal delivery of short-lived MSC. However, their
therapeutic benefits may be leveraged using a cell-free therapy
consisting of concentrated EV and/or MSC secretome
administered during MP. This approach resulted in the
intracellular delivery of EV during perfusion and yielded
therapeutic benefit in non-transplant models. We hypothesize
that technology at nanoscale, such as EV, gene editing, and
nanoparticles, have the highest likelihood of successfully
translating into clinical applications and will shape the future
of ex situ organ repair and regeneration before transplantation.
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