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1  |  INTRODUC TION

Solid organ transplantation remains the only curative option for 
patients with end-stage organ failure. However, the existing gap 
between the need for suitable donor organs and the availability of 
those organs remains a major challenge. Therefore, various strate-
gies are employed to expand the donor pool. Among these strategies 
is the increasing use of extended criteria donor (ECD) organs, refer-
ring to grafts of older donors, from obese or otherwise comorbid 
donors and organs from donation after circulatory death. Due to in-
creased susceptibility to ischemia–reperfusion injury (IRI), the use of 
ECD organs is associated with higher rates of primary nonfunction, 
delayed graft function and organ-specific complications.1,2 Despite 
this, the use of ECD organs has become reality and is inevitable to 
prevent aggravation of the organ shortage.

Stem cell-based therapies have been proposed as innovative 
approaches for treatment of IRI, to reduce the use of immunosup-
pression, and even for induction of long-term immune tolerance. 
Mesenchymal stromal cells (MSC) and multipotent adult progenitor 
cells (MAPC) have been reported to participate in repairing tissue 
or organ injury mainly through their paracrine effects, recruitment 
of recipient progenitor cells, and stimulation of their proliferation 
and differentiation (Figure 1).3,4 Some of the beneficial effects are 
mediated by the release of extracellular vesicles (EVs). EVs repre-
sent a broad class of membrane-enclosed protein and ribonucleic 
acid (RNA)-containing bodies of cell origin. They can be divided into 
exosomes, generated by the endosomal pathway, and microvesicles, 
produced by shedding of the plasma membrane.5,6 EVs are involved 

in tissue repair and immune regulation by serving as vehicles for 
transfer of membrane and cytosolic proteins (Figure 2).5–7 Isolated 
EVs could serve as a cell-free tissue regenerative approach, evading 
the safety concerns about injecting living cells, such as immunoge-
nicity, embolism, and even tumorigenicity.8

Early clinical trials showed safety of intravenous MSC infusion, and 
the first steps toward efficacy studies in humans have been made.9 
Although some encouraging results have been shown, such as in-
creased regulatory T-cell expansion and weaning of immunosuppres-
sive drugs, long-term graft and patient outcomes are still lacking, and 
therefore, none of these cell therapies is routinely used in organ trans-
plantation.9 A limitation of the current post-transplantation cell ad-
ministration is the non-specific delivery of cells to the recipient, rather 
than to the graft, which may hamper the required immunomodulation 
through cell interactions or trans-differentiation at the injury site. 
Also, the administration of cells after transplantation is missing the 
window of opportunity to repair injured grafts before implantation.

Machine perfusion (MP) is an emerging preservation technique 
to maintain organs for transplantation in an environment to mimic 
physiology by circulation of oxygenated perfusate through the organ 
in hypothermic or (sub)normothermic conditions. The continuous 
flow permits wash out of toxic metabolites and provides oxygen and 
nutrients. In addition, in normothermic perfusion conditions, assess-
ment of metabolic and mechanical function under near-physiological 
circumstances can be performed. The strong advantage of com-
bining stem cell-based therapies with ex vivo MP is to deliver cells 
or EVs in the right place at the right time, overcoming the loss of 
valuable cells in the systemic circulation, and it may be attractive to 
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apply stem cell-based therapies outside the body from a regulatory 
and biosafety point of view.

2  |  KIDNE Y TR ANSPL ANTATION

Six publications describe stem cell-based therapy during kidney MP. 
Detailed findings are described in Table 1. Treatment of rat kidneys 
with MSCs or its derived EVs during hypothermic machine perfu-
sion (HMP) resulted in a reduction of histopathological renal in-
jury.10 Both cells and vesicles resulted in higher levels of pyruvate 
and lower levels of glucose and lactate in the draining perfusate, 
indicating larger use of provided energy substrates.10 Brasile et al. 
infused human MSCs during subnormothermic perfusion (sNMP) of 
human discarded kidneys.11 This is the only study that performed 
a titration experiment, showing good kidney perfusion up to infu-
sion of 100*106 cells. Treatment resulted in a reduced inflammatory 
response and increased synthesis of adenosine triphosphate (ATP). 
Pool et al. injected 10*106 human fluorescent-labeled MSCs in por-
cine kidneys during normothermic machine perfusion (NMP) and 

showed that a minority of the glomeruli stained positive for MSCs.12 
In a follow-up study, MSC-treated kidneys showed significantly 
lower levels of renal injury markers and increased concentrations of 
immunomodulatory cytokines.13 A third study from this group took 
the MSC-NMP model one step further, and autotransplanted pig kid-
neys after NMP, during which pig or human MSCs were injected.14 
MSC treatment did not affect urinary and perfusate levels of neutro-
phil gelatinase-associated lipocalin (NGAL), or kidney injury assessed 
by histology during 14 days post-transplantation. However, plasma 
creatinine on days 2–7 was significantly lower in the NMP + human 
MSC group, compared to NMP alone. Administration of MAPCs in 
paired discarded human kidneys during NMP resulted in improved 
urine output and decreased urinary concentrations of NGAL.15 Also, 
MAPCs exerted an anti-inflammatory response and increased micro-
vascular perfusion of the renal medulla and cortex.

Summarizing, MSCs and MAPCs universally showed potential to 
mitigate renal IRI on a biochemical and histological level. Adipose tissue-
derived MSCs were mostly used. Heterogeneity in cell number currently 
hampers direct clinical translation. MSC concentrations between 10 and 
100*106 did not cause adverse effects on kidney flow, but infusion of 

F I G U R E  1  Effects of mesenchymal stromal cells (MSCs) and multipotent adult progenitor cells (MAPCs) on modulation of immune 
response and stimulation of repair. MSC and MAPC exert their effects through paracrine mechanisms and cell-to-cell interactions with 
immune cells, such as B cells, natural killer (NK) cells, T cells, T-regulatory (T-reg) cells, macrophages, and dendritic cells. Secretion of soluble 
factors, including chemokines, growth factors, and cytokines contribute to their antiapoptotic, angiogenic, and anti-oxidative properties. 
ANG-1, angiopoietin-1; CXCR4, chemokine receptor type 4; CXCR5, chemokine receptor type 5; CXCR7, chemokine receptor type 7; 
HGF, hepatocyte growth factor; HLA-G5, human leukocyte antigen-G5; HO-1, heme oxygenase 1; IDO, indolamine-2,3-dioxygenase; IGF, 
insulin-like growth factor; IL, interleukin; IL-1-RA, interleukin-1 receptor antagonist; M-CSF, macrophage colony-stimulating factor; PGE2, 
prostaglandin E2; ROS, reactive oxidative species; STC-1, stanniocalcin-1; T-reg, T-regulatory; TGF-β1, transforming growth factor beta 1; 
TGF-β, transforming growth factor-beta; VEGF, vascular endothelial growth factor.



4  |   
AJT

LUIJMES et al.

200*106 cells had a negative effect on renal artery flow, increased per-
fusion pressure, and reduced renal oxygen consumption.11 A maximum 
of 100*106 MSC (~1.25*106 MSCs/kg BW) for a human kidney seems 
therefore safely tolerated. To standardize outcomes in future research, 
we propose to express the administered dose in number of cells/100 g of 
kidney tissue, which would approximate 80 × 106 cells/100 gram kidney 
for the reviewed studies. All NMP studies administered cells after 1 h of 
perfusion. None of the studies evaluated the impact of administration 
prior to normothermic reperfusion on inflammation and functional out-
comes. Interestingly, administration in the cold and subnormothermia 
also showed protective and regenerative effects, but no direct compar-
ison was made between different temperature strategies. Currently, no 
clinical study is published showing outcomes of kidneys treated with 
stem cell-based therapies during ex vivo kidney perfusion.

3  |  LIVER TR ANSPL ANTATION

The administration of stem cell-based therapy during liver MP was 
described in 12 publications. Detailed information of 10 animal and 

2 human liver studies is provided in Tables 2A, 2B. Infusion of por-
cine MSCs in rat livers during NMP improved bile production and 
ameliorated narrowing of the sinusoidal space.16 Administration 
of rat bone marrow (BM) MSCs in rat livers during NMP resulted 
in improved lactate clearance and bile production compared to 
NMP alone.17 Also, treated livers showed less histological injury, 
reduced hepatocyte apoptosis, and oxidative stress. The same 
group demonstrated increased bile production and decreased lev-
els of alanine transaminase (ALT) and aspartate aminotransferase 
(AST) following administration of MSCs. Histology revealed the 
presence of MSCs in hepatic sinusoids and a lower Suzuki score.18 
Cao et al. increased complexity of the model and transplanted rat 
livers after NMP, adding naïve rat BM-MSCs or heme oxygenase 
1 (HO-1)-transduced BM-MSCs.19 Administration of either type 
of MSCs improved graft survival, decreased histological injury, 
and lowered levels of AST and ALT compared to NMP alone, but 
HO-1-BM-MSC to a greater extent. In a follow-up study, repair of 
bile duct injury in transplanted livers following administration of 
BM-MSCs and HO-1-BM-MSCs during NMP was demonstrated.20 
Treatment promoted the proliferation of residual peribiliary gland 

F I G U R E  2  Extracellular vesicle (EV) biogenesis, release, and biological mechanisms of internalization by recipient cells. Microvesicles 
(MVs) are generated by outward budding and fission of the plasma membrane. Exosomes are intraluminal vesicles formed by inward budding 
of multivesicular bodies (MVBs). MVBs fuse with the plasma membrane to release intraluminal vesicles into the extracellular space. EVs can 
be internalized through membrane fusion, surface binding, endocytosis, phagocytosis, and micropinocytosis. EV content can be directly 
transferred to the cellular components (nucleus or trans-Golgi network) or can enter the endosomal system before a biological response is 
elicited. EVs are involved in physiological processes, including promotion of angiogenesis, stimulation of proliferation, immune regulation, 
protection against apoptosis, and reduction of oxidative stress. ROS, reactive oxidative species.
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cells (PBGs), inhibited cell apoptosis, and increased the proportion 
of pluripotent cells in PBGs. The last two rat NMP studies demon-
strated that transplanted MSCs alleviated acute rejection following 
transplantation through the inhibition of dendritic cell maturation 
and reduction of natural killer cells.21,22 Also, MSCs infusion re-
duced hepatocyte apoptosis and concentrations of cytokines re-
lated to acute rejection. The effects of HO-1 transduced MSCs on 
functional and histological parameters were greater than that of 
naïve BM-MSCs in all previous mentioned studies.19–22 Verstegen 
et al. investigated the administration of human-labeled MSCs in pig 
livers during HMP, followed by NMP.23 Tracking showed homog-
enous delivery and conservation of infused cells in the liver during 
NMP, either through injection in the portal vein or hepatic artery. 
Laing et al. studied the effects of the delivery of fluorescent-
labeled MAPCs in human discarded livers during NMP.24 They dem-
onstrated that administration did not have an effect on flow rates 
or resistance and that hepatic artery-infused cells transmigrated 
across the vascular endothelium, homing in the liver parenchyma. 
Injection of MAPCs via the portal vein showed arrested cells in the 
sinusoidal space. Perfusate analysis revealed that MAPC cells se-
creted immunomodulatory factors. These factors were detected 
much better when cells were injected after 1 h, but almost absent 
if cells were injected after 4 h of NMP.

Summarizing, all studies using MSCs and MAPCs showed ben-
eficial effects, without reported safety issues or adverse effects. 
Absolute cell numbers used in different species ranged from 10 to 
30*106 cells. Normalization of the dose to recipient body weight 
shows a range from 0.2 to 143*106 MSCs/kg bodyweight (BW).16–18 
For future dosing, we propose to standardize stem cell-based ther-
apy protocols to inject between 5 and 10*106 cells per 100 g liver, 
based on efficacy and safety profiles shown in previous studies. 
Also concerning timing, a wide variety is found between protocols. 
Interestingly, cell injection during cold perfusion showed effect, 
more specific results were found by infusion shortly after reperfu-
sion, and no effects were found after 4 h of NMP, clearly indicating 
a window of opportunity.

On the route of administration, two studies showed increased 
cytokine production after arterial injection, where Laing et al. also 
demonstrate better integration in the liver parenchyma.23,24

A special cell type that specifically has been used for liver 
perfusion is hepatic organoids. Organoids are three-dimensional 
cellular clusters that can be derived from somatic (pluripotent or 
stem) cells and that reflect the functionalities of the tissue of the 
origin.25 Sampaziotis et al. infused cholangiocyte organoids in the 
intrahepatic bile ducts of human discarded livers during NMP.26 
The fluorescent-labeled organoids engrafted in the biliary tree, ex-
pressed region-specific biliary markers, and showed physiological 
repair by increased bile pH and bile production. Organoids were not 
detected in the perfusate during up to 100 h of perfusion, indicating 
that cells remained anchored in the biliary compartment. Organoid 
culture is however currently not compatible with clinical application 
and will need to be developed Good Clinical Practice (GCP) compli-
ant, before clinical application can be considered.

Human liver stem-like cells (HLSCs) have been characterized 
as a MSC-like cell population derived from adult liver cells with 
immunomodulatory properties and differentiating capabilities.27 
Administration of HLSC-derived extracellular vesicles (HLSC-EVs) in 
rat livers during NMP showed successful internalization of HLSC-
EVs in hepatocytes.28 Treated livers showed less histological injury 
and lower concentrations of AST and LDH at the end of perfusion 
compared to controls. In a follow-up study, HLSC-EVs improved pH 
regulation and lowered levels of transaminases.29 Only high-dose 
administration decreased vascular resistance and increased bile pro-
duction. Although attractive as cell-free approach, the use of EVs 
will need maturation and standardization, before clinical application 
is feasible.

4  |  LUNG TR ANSPL ANTATION

Seven studies assessed the biological effects of MSCs/MAPCs 
(Table  3A) or MSC-EVs (Table  5) during ex vivo lung perfusion 
(EVLP). The optimal administration route and dosage for MSCs was 
assessed in porcine lungs.30 Poor survival of MSCs after endobron-
chially (EB) administration of MSCs was demonstrated, whereas 
intravascular administration resulted in uptake and sustained re-
tention of cells in the lung parenchyma.30 Intravascular injection of 
5*106 MSCs/kg BW led to optimal parenchymal concentration of 
human vascular endothelial growth factor (VEGF) and decrease in 
the pro-inflammatory interleukin-8 in the perfusate, compared to 
controls.30 In a porcine lung transplantation model, treatment with 
MSCs during EVLP resulted in anti-apoptotic and anti-inflammatory 
effects.31 After transplantation, treated lungs showed increased 
lung tissue hepatocyte growth factor (HGF) levels, reduced lung 
tissue wet-to-dry weight ratio, and a lower acute lung injury score 
compared to controls. IV administration of human MSCs resulted 
in better preservation of rat lungs by protecting against oxidative 
stress and inducing anti-inflammatory effects.32 MAPCs injected in 
the bronchus also exerted immunoregulatory effects on pulmonary 
IRI, comparable to MSCs, as seen by decreased concentrations of 
neutrophils and pro-inflammatory cytokines in the bronchoalveo-
lar lavage supernatant.33 Three studies investigated the effects of 
MSC-EV administration during EVLP (Table 3B). In a murine model, 
Stone et al. showed attenuation of lung dysfunction and injury after 
administration of either MSCs or MSC-EVs.34 Treatment protected 
from edema and neutrophil infiltration in pulmonary tissue. In an-
other lung IRI model, IV administration of MSC-EVs in rat lungs 
resulted in reduced vascular resistance, in line with the increased 
concentration of secreted nitric oxide (NO). EVs restored pulmonary 
content of ATP and increased expression of genes involved in reso-
lution of inflammation and oxidative stress.35 Park et al. studied the 
effects of MSC-EVs in discarded human donor lungs, injured by E.coli 
bacteria.36 EV-treated lungs showed an increase in alveolar fluid 
clearance (AFC) and decrease in endothelial permeability to protein, 
as well as a lower bacterial load and neutrophil count in the injured 
alveolus.
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Overall, studies regarding the application of MSCs in lungs 
during EVLP universally demonstrate an anti-inflammatory effect, 
with absolute cell numbers applied ranging from 1 to 300x106 
cells. Injection up to 5*106 MSCs per kg recipient BW did not re-
sult in changes in pulmonary vascular resistance (PVR) and seem 
to be safe from a rheological point of view, while 10*106 cells per 
kg BW caused increased PVR.30 To increase homogeneity and 
comparability, without jeopardizing safety, we would advocate to 
standardize dosing around 40 × 106 cells/100 g lung tissue for fu-
ture studies. Intravascular cell administration was shown superior 
over endobronchially injected cells.30 The optimal timing of cell 
administration was not subject of direct comparison in any of the 
studies, but beneficial effects were demonstrated with cell injec-
tion prior to the start of EVLP, directly at perfusion and between 
1 and 12 h after the start of EVLP.30–33 No clinical trials have been 
published on the effects of MSCs or MAPCs on lung tissue in-
flammation or transplant outcomes. All studies administrating 

MSC-EVs during EVLP showed anti-inflammatory effects and re-
duction of lung injury. No adverse effects were reported in the 
MSC-EVs studies. So far, also no clinical trial was conducted with 
MSC-EVs during EVLP.

5  |  HE ART TR ANSPL ANTATION

No studies were performed using MSC or MAPC during ex vivo 
heart perfusion. One animal study investigated the effect of intrac-
oronary delivery of MSC-conditioned medium (MSC-CM) during rat 
HMP on the early phase after transplantation (Table 4).37 MSC-CM-
treated grafts showed improved systolic contractility and diastolic 
relaxation by regulation of genes involved in anti-oxidative stress, 
apoptosis, and inflammation. So far, no clinical trials assessed the 
effects of stem cell-based therapy injection during ex vivo cardiac 
perfusion.

TA B L E  6  Pre-clinical studies evaluating the efficacy of stem cell-based therapy in ex vivo heart perfusion

Author
Type of 
heart Type of therapy

Timing, dosage, and 
route administration

Perfusion technique, 
temperature, perfusate 
composition Findings

Korkmaz-Icöz 
et al (2019)37

Rat Rat BM-MSC-CM Timing: start perfusion
Dosage: N.S.
Scaling dosage: N.A.
Route: intracoronary

Perfusion technique: 5 h 
HMP, isolated Langendorff 
model

Temperature: 4°C
Perfusate composition: 

Custodiol solution

Post-transplantation
Adverse effects: not reported
Functional: rebeating time↓, left 

ventricular systolic pressure↑, 
dPdtmax↑, rate pressure product↑, 
dP/dtmin↑, Tau-w ↓

Biological: -
Histological: -
Other: upregulation of anti-oxidative 

genes (SOD2 and selectin E) 
and genes involved in the PI3K/
Akt pathway (TCL1a, AKT1, 
AKT3, MAPK3, PAK1, FOXG1, 
mTOR, ADAR) Downregulation of 
genes related to oxidative stress 
(Serpinb1b, DNM2, TXNRD2, EPX, 
GPX, MPO, DHCR24, TPO, NOX4, 
NOXO1, and AOX1), apoptosis 
(BIRC5, CD40LG, FADD, BCL2L11, 
CASP2, FASLG, BID, CASP8, 
AKT1), and pro-inflammatory 
cytokine (TNF, CCL11) and 
interleukin (IL-9, CD40LG) genes.

Abbreviations: ADAR, adenosine deaminase, RNA-specific; AKT1, v-akt murine thymoma viral oncogene homolog 1; AKT3, v-akt murine thymoma 
viral oncogene homolog 3; AOX1, aldehyde oxidase 1; BCL2L11, BCL2-like 11; BID, BH3-interacting domain death agonist; BIRC5, Baculoviral IAP 
repeat-containing 5; BM-MSC-CM, bone marrow derived-mesenchymal stromal cell-conditioned medium; CASP2, caspase-2; CASP8, caspase-8; 
CCL11, chemokine (C−C motif) ligand 11; CD40LG, CD40 ligand; DHCR24, 24-Dehydrocholesterol reductase; DNM2, dynamin 2; dPdtmax, maximal 
slope of systolic pressure increment; dPdtmin, maximal slope of diastolic pressure increment; EPX, eosinophil peroxidase; FADD, fas (TNFRSF6)-
associated via death domain; FASLG, Fas ligand (TNF superfamily, member 6); FOXG1, forkhead box G1; GPX, glutathione peroxidase; HMP, 
hypothermic machine perfusion; IL-9, interleukin-9; MAPK3, mitogen-activated protein kinase 3; MPO, myeloperoxidase; mTOR, mechanistic target 
of rapamycin (serine/threonine kinase); N.A., not applicable; N.S., not specified; NOX4, NADPH oxidase 4; NOXO1, NADPH oxidase organizer 
1; PAK1, p21 protein (Cdc42/Rac)-activated kinase 1; Serpinb1b, Serine (or cysteine) peptidase inhibitor, clade B, member 1b; SOD2, superoxide 
dismutase 2, mitochondrial; Tau-w, time constant of the left ventricular pressure decay; TCL1A, T-cell leukemia/lymphoma 1A; TNF, tumor necrosis 
factor; TPO, thyroid peroxidase; TXNRD2, thioredoxin reductase 2.
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6  |  CONCLUSION

The significant advancements in MP of the lung, liver, kidney, and 
heart allow for the increased utilization of marginal donor grafts for 
patients with end-stage organ diseases. With MP, an ex vivo plat-
form to administer regenerative therapies has become reality.

We believe that all organs could benefit from the administration 
of stem cell-based therapies prior to transplantation. The inherent 
immunoregulatory and regenerative properties of MSCs and EVs 
make them excellent universal candidates to deliver during ex vivo 
MP. Organoids are effective to support organ-specific repair and 
function.

Clinical trials should answer the question whether the de-
creased early inflammatory response will mitigate rejection and 
improve long-term graft function following transplantation. We be-
lieve that ECD organs may potentially benefit the most from stem 
cell-based therapies, because these grafts are more prone to IRI. 
Today, only MSCs are clinical grade manufactured, which makes 
them the most suitable candidates to start clinical trials now.

An important issue that needs to be addressed is the dosage of 
cells injected. We found a profound difference of 1500-fold between 

the lowest and highest cell count described, making comparisons in 
effectivity nearly impossible. We also demonstrated heterogeneity 
in reporting formats; there were absolute cell numbers, cells per kilo-
gram bodyweight, and cells per gram of organ tissue. The transplant 
community definitively should standardize cell infusion concentra-
tions in upcoming clinical trials, to make comparisons among future 
studies possible. We, therefore, propose to report cell dosage in 
an uniform manner as administered cells per 100 g of donor organ 
weight. Also, heterogeneity in temperature and perfusate composi-
tion was demonstrated among the included studies. Sierra Parraga 
et al. assessed the effect of perfusion fluid on survival, viability, and 
functionality of MSCs in vitro,38 showing reduced capacity of human 
MSCs to adhere to endothelial cells, reduced metabolic activity, and 
increased oxidative stress, whereas survival was not affected. There 
is little known about the effect of the variations in perfusion com-
position on the survival and functionality of stem cell-based thera-
pies. A consensus meeting addressing these issues could pave the 
road to a more uniform trial design and make study results better 
comparable.

In lung transplantation, the optimal dosage, route of adminis-
tration, and post-transplant outcomes for MSC injection have been 

F I G U R E  3  Schematic illustrating of effects of administrated stem cell-based therapies in ex vivo organ perfusion models. AFC, 
alveolar fluid clearance; ALT, alanine aminotransferase; AST, aspartate aminotransferase; ATP, adenosine triphosphate; GGT, gamma-
glutamyltransferase; HGF, hepatocyte growth factor; HLSC-EV, human-like stem cell-derived extracellular vesicle; IDO, indoleamine 
2,3-dioxygenase; IFN- γ, interferon-gamma; IL, interleukin; LDH, lactate dehydrogenase; MAPC, multiadult progenitor cell; MDA, 
malondialdehyde; MSC, mesenchymal stromal cell; MSC-EV, mesenchymal stromal cell-derived extracellular vesicle; NGAL, neutrophil 
gelatinase-associated lipocalin; NO, nitric oxide; PAP, pulmonary arterial pressure; ROS, reactive oxidative species; TNF-α, tumor necrosis 
factor-α.
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elucidated in porcine perfusion models. Safety and efficacy was con-
firmed, creating momentum for clinical trials to solidify the thera-
peutic potential of MSCs in human perfusion models. The first step 
toward randomized trials assessing meaningful recipient outcomes 
would be to initiate a human dose-escalation phase 1 trial.

In the other fields, clinical trials are still preliminary, as essen-
tial information from pre-clinical studies is scattered or missing. In 
abdominal transplantation, beneficial biological and functional ef-
fects of MSCs are uniformly reported in animal studies, but dose–
response studies and supportive short-term transplant outcomes 
are lacking. One study assessed post-transplant outcomes following 
kidney autotransplantation, but could not demonstrate any improve-
ment in kidney function or injury in the follow-up period.14 We pro-
pose to complete dose–response studies in porcine models before 
targeted research in discarded or transplantation models can be pur-
sued. EVHP is currently in the earliest stage of development; only 
one study reported the potential of stem cell-based therapies during 
cardiac MP.37 However, lessons learned from other organs can be 
used to explore the therapeutic potential and close the gap.

More than a decade has passed since the first pre-clinical study 
with stem cell-based therapy during ex vivo organ perfusion was 
performed.39 Now, the administration of regenerative therapies 
during MP should progress into clinical practice to develop into a 
real-world therapeutic option. Technological developments in organ 
perfusion have already opened up the possibility to extend the ther-
apeutic window to treat poor-quality organs with protective and 
regenerative stem cell-based therapy even for several days.11,40 It 
would be revolutionary to repair marginal grafts that were initially 
declined after viability assessment in an ultimate effort to make 
them suitable for transplantation. Treatment and repair of injured 
organs may further unlock new areas of regenerative medicine and 
help the community to battle one of the greatest challenges at this 
moment: the ever-increasing shortage of suitable donor organs.
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