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 CURRENT
OPINION Machine perfusion in organ transplantation: a tool

for ex-vivo graft conditioning with mesenchymal
stem cells?

Dirk Van Raemdoncka,b, Arne Neyrinckc, Filip Regad, Timothy Devose, and
Jacques Pirennef

Purpose of review

Machine perfusion has emerged as a tool to evaluate pretransplant graft function more objectively during
preservation. Machine perfusion also offers the possibility to recondition questionable organs and to
‘immunomodulate’ allografts ex vivo. This article aims to review the current knowledge on machine
perfusion of the various solid thoracic and abdominal organs, and to discuss the new possibility of
conditioning and treating grafts with mesenchymal stem cells (MSCs) during machine perfusion.

Recent findings

Different methods of machine perfusion have been described varying among organs in temperature and
composition of perfusate. Commercial devices have recently become available for machine perfusion of all
organs, with the largest clinical experience acquired in kidney and lung transplantation. Clinical studies
are ongoing for liver, heart, and pancreas. MSC therapy in organ transplantation is now emerging with
clinical studies set up to investigate its potential to attenuate ischemia/reperfusion injury (innate immunity)
and to downregulate the alloimmune response (adaptive immunity) and promote engraftment after
transplantation. We hypothesize that delivery of MSCs directly into the machine perfusion circuit may
provide a unique opportunity to treat and immunomodulate organs prior to transplantation. To our
knowledge, no study on ex-vivo delivery of MSCs during machine perfusion has been reported.

Summary

Machine perfusion of solid organs has regained much attention during the last decade. It provides a new
promising tool that may allow pretransplant ex-vivo assessment, preservation, repair, and conditioning of
grafts. Experimental research and clinical trials testing the administration of MSCs during machine
perfusion are warranted to explore the potential benefit and mechanisms of this approach.
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INTRODUCTION

Solid-organ transplantation has become a standard
life-saving therapy in selected patients suffering
from end-stage organ failure. In addition, organ
transplantation remarkably ameliorates the quality
of life. The medical community has come a long way
in organ transplantation to where we are today [1].
The application of this ultimate treatment modality
is only limited by the number of ‘acceptable’ organ
donors and ‘transplantable’ grafts.

Static or simple cold storage (SCS) with conven-
tional preservation solutions was designed at a time
when donors were ‘ideal’ and preservation periods
were short. In an era of donor shortage, increased
use of suboptimal grafts, and organ exchange across
sometimes distant geographical areas, SCS has

reached its limits [2]. In the last decade, old tech-
niques dating from the early days of transplantation
have reemerged whereby organs are continuously
and dynamically perfused instead of being statically
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cold stored during their preservation. This technol-
ogy has been substantially refined and new portable
machines have been developed and introduced in
the clinical arena to facilitate ex-vivo machine per-
fusion of solid organs. The purpose of this review is
to summarize the current experience with machine
perfusion of thoracic and abdominal organs, to give
an overview of the currently available devices, and
to discuss their clinical applications. In addition, the
attractive but yet to be explored possibility of treat-
ing and conditioning solid organs ex vivo during
machine perfusion with mesenchymal stem cells
(MSCs) will be discussed.

MACHINE PERFUSION: CONCEPT AND
METHODS

Machine perfusion consists of creating a flow
through the organ generated by a pump in a circuit
to recirculate a preservative solution at various tem-
peratures through the vasculature. This continuous
perfusion permits better penetration of preservation
solutions within the organ, delivery of oxygen and
nutrients to the parenchyma (in case the perfusate is
oxygenated), and the removal of toxic metabolites
(in case the perfusate is renewed or filtered). In
addition to an improved preservation, machine per-
fusion may allow real-time monitoring of functional
and biochemical performance of the graft prior to
transplantation and may provide a tool to select
‘transplantable’ grafts, to improve their condition,
to reduce the incidence of ischemia/reperfusion
injury (IRI), and possibly to safely increase the
preservation time.

Different methods have been investigated
experimentally. Techniques may vary among solid
organs. Various ranges of temperature have been
used from hypothermic perfusion at 48C to normo-
thermic perfusion at 378C. The former method is

intended to preserve the organ in a low metabolic
state, while the latter will keep the organ in a more
physiologic and metabolically active state with the
advantage that organ repair and reconditioning may
become possible. Solutions used as perfusate also
vary among various organs from low potassium
crystalloid solutions to blood-based solutions (full
blood or packed red blood cells) mixed with colloids
(dextran) and albumin. The power to circulate the
perfusate through the vasculature is created by a
roller pump (occlusive) or a centrifugal pump (non-
occlusive) that delivers a continuous flow or a pul-
satile flow mimicking the physiologic variations in
systolic and diastolic pressure. Organs can be pre-
served in resting mode (preservation) or functioning
mode (assessment). With normothermic perfusion,
organs will resume their function. Kidneys will
excrete urine and clear creatinine, and the liver will
produce bile and coagulation factors and will clear
metabolites. Hearts can be perfused while fibrillat-
ing or beating building up pressures. Lungs can be
perfused in an atelectatic state or while ventilated,
allowing gas exchange.

During machine perfusion, different physiologi-
cal parameters specific to the organ can be measured
and various biochemical markers released in the
perfusate or excreted (in urine or bile) can be ana-
lyzed to assess the viability and the functional state
of the graft. The exact value of these markers to
decide whether to accept or to decline an organ and
to predict its functional performance after trans-
plantation is not clear yet and needs to be further
investigated. For the kidney, vascular resistance cor-
relates with delayed graft function, but the predic-
tive value is low [3]. For the liver, the vascular
resistance does not seem to correlate with viability
[4]. In normothermic machine perfusion, the group
of Friend at Oxford University has shown that the
capacity of the liver to correct metabolic acidosis
during machine perfusion correlates well with its
function after transplant [5]. For the lung, oxygen-
ation capacity taken alone may be misleading in
assessing the ex-vivo lung. Other parameters like
pulmonary vascular resistance, compliance, and air-
way pressures are equally important [6].

Several smaller and transportable commercial
devices for machine perfusion have recently become
available for all organs facilitating the clinical appli-
cation of this new technique in the daily transplant
practice. Randomized clinical trials with these devi-
ces have been completed (kidney), are ongoing
(lung, heart), or are planned (liver). Costeffective-
ness of machine perfusion needs to be analyzed for
every organ in order to justify reimbursement by
health authorities and insurance companies.
Machine perfusion of kidney – by reducing the need

KEY POINTS

� Machine perfusion may allow improved (and longer)
preservation, ex-vivo organ assessment, repair,
and conditioning.

� The use of mesenchymal stem cells to treat human
diseases has gained much attention – in particular in
the field of organ transplantation – because of their
proregenerative, anti-inflammatory, and
immunomodulatory properties.

� Machine perfusion provides a unique tool to treat
organs directly with mesenchymal stem cells ex vivo
prior to transplantation and to study their mode
of action.

Machine perfusion in organ transplantation Van Raemdonck et al.
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for dialysis after transplant and improving graft
survival – has already been shown to be costeffective
[7

&&

].
Further research in all solid organs is ongoing

with regard to the optimal perfusion technique
and solutions.

MACHINE PERFUSION: EXPERIENCE AND
DEVICES FOR CLINICAL USE

A thorough review summarizing current experimen-
tal knowledge and clinical experience with pretrans-
plant graft viability assessment during machine
perfusion for all solid organs was recently published
[8

&&

].
Machine perfusion of kidneys historically has

gained the largest interest as a prototype machine
was developed in the late 1960s by Belzer. Several
clinical studies including a large randomized trial
[9,10,11

&

], but not all [12], have shown a reduced
rate of delayed graft function and better graft
survival after hypothermic machine perfusion ver-
sus SCS. Machine perfusion is now believed to be
the preferred method for preserving kidneys at
higher risk originating from expanded criteria
donors [13], donors older than 65 years [14],
and donors after circulatory death [15]. The pre-
dictive capacity of machine perfusion parameters
(vascular resistance and perfusate biomarkers) is
not sufficient to be used as a sole indicator to
accept or discard a given kidney [16–18]. Success-
ful outcome following normothermic machine
perfusion using a red-cell-based solution has been
recently published by the team of Leicester
[19,20]. Several companies have now marketed
commercial devices for clinical kidney perfusion
(Fig. 1): LifePort Kidney Transporter (Organ Recov-
ery Systems, Des Plaines, Illinois, USA); RM3
(Waters Medical Systems, Birmingham, Alabama,

USA); and Kidney Assist (Organ Assist, Groningen,
The Netherlands).

Machine perfusion of livers was first attempted
in the late 1960s by Bretschneider and Starzl. More
recently, hypothermic and normothermic machine
perfusion of the liver have been investigated in an
experimental setting [5,21–28]. So far, only one
clinical study has been published comparing 20
adult liver recipients after hypothermic machine
perfusion with a historically matched group of recip-
ients after SCS with a reduction in early allograft
dysfunction (5% versus 25%; respectively; P¼0.08)
[29,30]. Feasibility of normothermic liver machine
perfusion in man has yet to be proven. Several
companies have now marketed commercial devices
for clinical liver perfusion (Fig. 2): Metranormother-
mic perfusion (OrganOx Ltd, Oxford, UK); LifePort
Liver Transporter (Organ Recovery Systems); Liver
Assist (Organ Assist).

Machine perfusion of pancreas has remained
largely unexplored. The majority of studies aimed
to optimize the preservation of pancreata in order to
increase the islet yield after cold preservation
[31,32]. In a very small human study, machine
perfusion of pancreata resulted in better islet yield
and viability compared with SCS [33]. The same
devices currently available for kidney perfusion
can be used and adapted for the perfusion of
human pancreata.

Ex-vivo lung perfusion (EVLP) was studied in
historical studies as a method to assess the quality of
the graft [34] and as a preservation technique during
distant thoracic organ procurement [35]. The first
successful transplant after EVLP was published by
Steen et al. [36] in 2001 stimulating many research
groups worldwide to further investigate the tech-
nique in animal models [37–40] and in discarded
human lungs [41–43]. Much experimental work was
carried out at the University of Toronto [44,45].

FIGURE 1. Devices for kidney machine perfusion: (a) LifePort Kidney Transporter (Organ Recovery Systems, Des Plaines,
Illinois, USA), source: www.organ-recovery.com; (b) RM3 (Waters Medical Systems, Birmingham, Alabama, USA), source:
www.wtrs.com; and (c) Kidney Assist (Organ Assist, Groningen, The Netherlands), source: www.organ-assist.nl.
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Successful transplantation of questionable lungs
after EVLP has recently been reported by different
groups worldwide [46–52,53

&

]. Results of an inter-
national multicenter trial (Inspire) randomizing
standard donor lungs to be preserved with SCS
versus machine perfusion are awaited [54]. Several
companies have now marketed commercial devices
for clinical lung perfusion (Fig. 3): OCS Lung (Trans-
medics, Andover, Massachusetts, USA); Vivoline LS1
(Vivoline Medical, Lund, Sweden); Lung Assist
(Organ Assist); and XPS (XVIVO Perfusion AB, Göte-
borg, Sweden).

Hypothermic machine perfusion of heart was
reported in animal experiments [55–58]. Left
ventricular function seems better preserved after
hypothermic [59–61] and normothermic [62,63]
machine perfusion compared with SCS. Clinical

trials were started in 2007 in USA (PROCEED) [64]
and Europe (PROTECT) [65], with only preliminary
data reported so far. One company has marketed a
commercial device for clinical heart perfusion
(Fig. 4): OCS Heart (Transmedics).

EX-VIVO RESUSCITATION OF ORGANS

As discussed above, experimental and clinical data
have already shown that machine perfusion creates
a ‘window’ between procurement and transplan-
tation during which functional performance and
viability of the graft under optimal conditions can
be evaluated. Data collected during this period of ex-
vivo preservation may provide information that can
help clinicians to predict the risk of dysfunction
after transplantation and that can assist them in

FIGURE 2. Devices for liver machine perfusion: (a) Metranormothermic perfusion, OrganOx Ltd, Oxford, UK) source:
www.organox.com; (b) LifePort Liver Transporter (Organ Recovery Systems, Des Plaines, Illinois, USA), source: www.organ-
recovery.com; and (c) Liver Assist (Organ Assist, Groningen, The Netherlands), source: www.organ-assist.nl.

A

(a) (b) (c) (d)

FIGURE 3. Devices for lung machine perfusion: (a) OCS Lung (Transmedics, Andover, Massachusetts, USA) source:
www.transmedics.com; (b) Vivoline LS1 (Vivoline Medical, Lund, Sweden), source: www.vivoline.se; (c) Lung Assist (Organ
Assist, Groningen, The Netherlands), source: www.organ-assist.nl; and (d) XPS (XVIVO Perfusion AB, Göteborg, Sweden),
source: www.xvivoperfusion.com.
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deciding to accept or discard a given organ for
transplantation. Also, machine perfusion has the
potential to better preserve the quality of the graft
by sustaining continued metabolism (at higher tem-
peratures and with oxygen), providing energy and
nutrients, and removing toxic waste products (in
case the perfusate is regularly renewed). In the
future, machine perfusion may offer a tool for ex-
vivo repair of the organs and improvement of their
quality prior to transplantation and perhaps for
‘immunomodulation’ of these organs in order to
protect them from innate immune responses (IRI)
and adaptive immune responses (acute and chronic
rejection) in the recipient.

Many organs, excluding those with fixed struc-
tural damage related to previous injuries or life-style
habits such as smoking or alcohol abuse, are cur-
rently declined because of acute – albeit recoverable
– injuries. Potential grafts may get injured by several
hits during the whole transplantation process in the
transition phase from donor to recipient: the initial
insult leading to brain damage, resuscitation
maneuvers with intubation and ventilation,

autonomic storm and systemic inflammation fol-
lowing brain-stem death, warm ischemia in donors
after circulatory death, organ manipulation and
surgical trauma during procurement and organ
extraction, the cold preservation period, the
implantation process, and finally the reperfusion
phase. Altogether, organ damage may result from
direct mechanical trauma and contusion, hemor-
rhage, inflammation, and infection.

Once the organs are recovered from the
deceased body, ex-vivo treatment during machine
perfusion becomes possible. Normothermic per-
fusion providing oxygen and other metabolic sub-
strates under physiological conditions appears to be
the way forward to improve the viability of subop-
timal grafts. Research is ongoing for all organs to
look for ways to administer agents with the poten-
tial to reduce the injury and to restore organ func-
tionality. The easiest strategy to deliver drugs
directly to the organs is by including them into
the perfusion solution or by injecting them into
the afferent tubing running to the vasculature of
the graft. Theoretically, different drugs according to
the type of injury or even a combination of them
(cocktail approach) could be administered at inter-
vals during machine perfusion: antibacterial, anti-
viral, and antifungal agents to treat infection, anti-
inflammatory molecules to block proinflammatory
responses, vasodilating agents to improve perfusion
of the microvasculature, fibrinolytic agents to dis-
solve microthrombi, high osmotic agents to remove
interstitial edema, etc. An advantage of this isolated
machine perfusion setting is that these drugs could
be given at higher doses than in vivo as there is no
risk to harm other organs. A restriction, however,
may be that certain drugs cannot be metabolized in
the ex-vivo circuit and therefore active components
would have to be given. On the other hand, toxic
metabolites may accumulate over time. Therefore,
repeated renewal of the perfusate or insertion of
filters in the ex-vivo circuit may become necessary.
Finally, machine perfusion also offers the possibility
of direct and targeted genetic intervention by using
viral vectors or silencing RNA technology.

Compared with kidney, liver, heart, and pan-
creas, the lung can be considered as a privileged
organ as it not only carries a vascular, but also a
bronchial tree providing direct access to the entire
parenchyma. In that way, active drugs can be deliv-
ered to the pulmonary graft by instillation or neb-
ulization via the airway as already practiced
nowadays in vivo. Also, the liver is different from
other solid organs in that it carries a dual vascular
system allowing drug delivery to the parenchyma by
perfusion via either the hepatic artery (that prefer-
entially vascularizes the biliary tree which is

FIGURE 4. Device for heart machine perfusion: OCS Heart
(Transmedics, Andover, Massachusetts, USA), source:
www.transmedics.com.
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particularly susceptible to ischemia) or the portal
vein (that preferentially vascularizes the liver paren-
chyma) or both. Flow competition between these
two systems has been observed experimentally by
researchers from our group [66]. The potential
relevance of this finding for drug administration
warrants further study.

The aforementioned treatment possibilities
during machine perfusion are currently hypothet-
ical and only very few papers have been published
on organ therapy during machine perfusion.

In the kidney, Nicholson of the Leicester group
investigated the effect of adding erythropoietin to
the perfusion solution in a porcine model of isolated
normothermic hemoperfusion. The authors found
that erythropoietin promotes inflammatory cell
apoptosis, drives inflammatory and apoptotic cells
into tubular lumens. This eventually leads to inflam-
mation clearance, renoprotection, and tissue
remodeling through caspase-3 and IL-1b [67].

In the liver, our group has demonstrated in a pig
transplant model (of donation after circulatory
death) that a multifactorial biological modulation
(cocktail approach) including administration of
streptokinase and epoprostenol in the donor and
administration of glycine, alpha1-acid glycoprotein,
MAP kinase inhibitor, alpha-tocopherol, gluta-
thione, and apotransferrin to the recipient elimin-
ates primary nonfunction, improves liver function,
and increases survival. Biochemically, TNF-alpha
and redox-active iron were suppressed and biliary
bile salt toxicity was reduced [68]. Furthermore,
inflammation-regulating genes were suppressed
[69]. It will be interesting to test the administration
of this type of treatment (and others) not only in
donors and recipients, but also directly to the graft
ex-vivo during machine perfusion. Here too, nor-
mothermic liver perfusion may reveal superior to
hypothermic perfusion as many of these interven-
tions may require an active metabolism to operate.

In the lung, our group has previously investi-
gated the role of the antioxidant N-acetyl cysteine
nebulized in nonheart-beating donor pig lungs sub-
jected to 3 h of warm ischemia. Functional perform-
ance [70] and inflammatory response [71] assessed
during EVLP was attenuated compared to the non-
treated control group. Aerosolized N-acetyl cysteine,
therefore, has great potential to attenuate inflam-
mation during EVLP. The Zurich group investigated
the role of surfactant administration to porcine
lungs injured by acid aspiration. Ex-vivo adminis-
tration of surfactant via lavage resulted in improved
graft function when compared with a control group
[72]. The same group found that adding the fibri-
nolytic drug urokinase to the reperfusion solution
resulted in improved graft function with decreased

pulmonary vascular resistance and better oxygen-
ation [73]. In a series of human donor lungs deter-
mined to be unsuitable for transplantation by the
Toronto group, five lungs were subjected to 12 h of
normothermic EVLP and treated by transbronchial
gene therapy with the anti-inflammatory interleu-
kin 10. Improvement in pulmonary function, restor-
ation of alveolar–blood barrier integrity, and
attenuation of lung inflammation were noticed [74].

EX-VIVO CONDITIONING OF ORGANS
WITH MESENCHYMAL STEM CELLS

MSCs are multipotent self-renewing cells isolated
from whole bone marrow. A paradigm shift has
occurred in our concept of how cell therapies utiliz-
ing MSCs mediate their beneficial effects. It is now
appreciated that, although MSCs can be described as
having differentiation potential, their effector func-
tion is based less on in-situ differentiation, trans-
differentiation, or fusion and more on paracrine
effects and cross-talk with other cells within dis-
eased tissues. Mechanistic hypotheses of MSCs as
cell-based therapy are postulated on their immuno-
modulatory properties (interaction with the innate
immunity and suppression of T-cell responses) and
their ability to secrete soluble factors [75]. These
properties of MSCs make them particularly interest-
ing for use as a cellular therapy in solid-organ trans-
plantation [76,77] and in tissue-engineered organ
replacement [78] for currently intractable con-
ditions. Experience with MSCs therapy in transplan-
tation is emerging for all solid organs in an attempt
to attenuate the severity of IRI, to help recovery
from reperfusion injury, and to promote graft
acceptance by reducing acute and chronic rejection.
Machine perfusion offers a unique platform to selec-
tively administer these MSCs directly into the donor
organ, overcoming the issues of homing, trafficking,
and safety. Especially, allogeneic MSCs are attractive
because of their wide availability at the time of
organ harvest. Autologous stem cells might be of
less interest to modulate acute donor organ injury
during machine perfusion as the isolation steps take
longer time intervals and can never be planned in
advance when a potential donor becomes available.

In kidney, it has been shown that adminis-
tration of MSCs enhances recovery from ische-
mia–reperfusion-induced acute renal failure in
rats [79]. Operating mechanisms are not known
with certainty, but seem to involve anti-inflamma-
tory properties and facilitation of tissue repair, and
this through endocrine and paracrine interactions
and cellular crosstalk between MSCs and dendritic
cells, macrophages and other cell types. On the basis
of their renoprotective properties and their capacity
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to promote tissue repair after injury, MSCs are con-
sidered as a new therapeutic tool in patients with
acute kidney injury and ongoing trials are testing
their effect [80]. The role of autologous MSCs as an
induction therapy to promote graft acceptance has
also been studied in a randomized controlled trial
after living-related kidney transplantation. This
landmark study demonstrated a lower incidence
of acute rejection, a decreased risk of opportunistic
infection, and a better estimated renal function at 1
year compared with the IL-2 receptor antibody treat-
ment group [81].

In liver, MSCs have also been shown to accel-
erate recovery from IRI in rodents [82]. In liver
transplantation, the role of MSCs as immunomo-
dulators to reduce rejection is currently being
investigated [83]. A phase I safety and feasibility
trial is set up at the University Medical Center
Regensburg in recipients receiving two doses of
third-party multipotent adult progenitor cells
(MAPCs) at day 1 and 3 after liver transplantation,
in addition to a calcineurin-inhibitor-free immu-
nosuppressive regimen with basiliximab, myco-
phenolic acid, and steroids [84]. Results are
awaited before a phase II/III trial will be conducted
to assess their clinical efficacy.

In intestine too, it has been shown that MSCs
can help to control IRI in rodents [85]. This property
of MSCs in addition to their protolerogenic proper-
ties makes them a particularly attractive strategy to
improve outcome after intestinal transplantation, a
procedure still defeated by a profound IRI and a
vigorous rejection response.

In lung, much research was done by the group of
Matthay at the University of California San Fran-
cisco in a model of acute lung injury comparable to
donor lung injury. In cultured human alveolar type
II cells damaged by a mixture of cytokines, these
investigators demonstrated the ability of allogeneic
human MSCs to restore the epithelial permeability
that is needed to limit edema formation after lung
transplantation [86]. In one study from the same
research group, allogeneic MSCs were administered
to human donor lungs declined for transplantation.
In an isolated reperfusion model, MSCs were admin-
istered directly into the airways to study their treat-
ment potential in acute lung injury [87]. Several
basic anti-inflammatory and antibacterial properties
have been attributed to MSCs that may be beneficial
to restore lung injury in patients with acquired
respiratory distress syndrome [88]. The spectrum
of possible MSC-based therapies for acute lung
injury includes both targeted intrapulmonary and
intravascular administration during EVLP.

In heart, pretransplant donor infusion of MSCs
has been shown to prolong the survival of a

semi-allogeneic heart transplant in a mouse model
through the generation of regulatory T cells [89].

FUTURE RESEARCH

Many issues related to MSCs therapy remain unre-
solved and warrant further research: precise operat-
ing molecular and cellular mechanisms, influence of
the timing and the site of administration, effect of
various type of cells (autologous versus donor-
specific versus third party versus xenogenic), traf-
ficking of these cells and their homing to particular
organs and their transendothelial migration in the
parenchyma, and the influence of local inflam-
mation on this process.

With the development of advanced organ regen-
erative strategies, the use of molecular and cellular
treatments to repair organs ex vivo is now becoming
conceivable. Machine perfusion provides a unique
tool to deliver these therapies directly to the organs
while they remain physiologically perfused and
metabolically active in an isolated circuit ex vivo.

From an experimental point of view, direct
administration of MSCs to an organ during machine
perfusion in an isolated circuit ex vivo provides a
unique experimental platform to study the potential
therapeutic effects of these cells and their operating
mechanisms. Perfusing an organ directly with MSCs
may allow to better study the trafficking of these
cells and their homing to particular organs and the
factors influencing this process, their effect on the
immunogenicity of the perfused organ (MHC
expression, effect on endothelial cells and passenger
antigen-presenting cells), their effect on intragraft
innate immunity and local inflammation (cytokine,
adhesion molecule, chemokine expression, cellular
infiltration etc.), and their mode of action. Admin-
istration of MSCs during machine perfusion carries
exciting potentials: first, the possibility to promote
repair of damage endured prior to preservation
because of donor-related injury and second, the
possibility to downregulate local intragraft inflam-
mation and reduce graft immunogenicity in order to
make grafts less vulnerable to IRI and to rejection in
the recipient.

To our knowledge, no experimental data on ex-
vivo treatment with MSCs during machine per-
fusion to improve graft quality have been published
so far. Similarly, to our knowledge, there are no
reported data on the possibility to administer MSCs
cells during machine perfusion to render organs
more resistant to IRI and to diminish acute or
chronic rejection after transplantation. To explore
these possibilities, further research testing the effect
of the direct administration of MSCs during ex-vivo
organ perfusion is urgently needed. If the above

Stem cell transplantation
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would prove to be possible, this may revolutionize
the practice of solid-organ transplantation by
increasing the number of transplantable grafts and
by improving their function and facilitating their
acceptance after transplant, thereby reducing the
need for immunosuppression and its attending com-
plications (toxicity, infection, and malignancies)
[90,91]. Access to transplantation would increase
and results of transplantation would improve.

CONCLUSION

Machine perfusion of solid organs has regained much
attention during the last decade. In addition to better
preservation, it provides a promising tool that may
allow ex-vivo assessment, repair, and conditioning of
donor organs prior to transplantation. The largest
clinical experience accumulated so far has been
obtained in kidney and lung transplantation. It is
hoped that this new technique in the near future will
contribute to maximize the number of available
organs for transplantation, to decrease the risk of
primary graft dys(non)function after transplan-
tation, and to improve long-term graft and patient
survival. Further technological developments and
research on the optimal technique and preservation
solutions for long-term, ex-vivo organ perfusion are
needed before it will become an established tech-
nique for all organs in the daily transplant practice.

The use of MSCs to treat human diseases has
gained much attention because of their proregener-
ative, anti-inflammatory, and immunomodulatory
properties. This is an emerging field and further
experimental research and clinical trials are war-
ranted. Early experience in the field of transplan-
tation suggests that MSCs – when they are
administered in vivo – ameliorate IRI by downregu-
lating innate immunity, favor tissue repair at sites of
inflammation, and may promote graft acceptance
by downregulating the adaptive immunity.
Machine perfusion provides a unique experimental
platform to better study the function and properties
of MSCs and a unique therapeutic tool to directly
‘treat’ an organ while it is perfused and maintained
in a metabolically active state in an isolated ex-vivo
circuit. Further studies are warranted to determine
whether this strategy may favor repair of higher risk
grafts that have been damaged prior to preservation
and may condition and protect grafts from sub-
sequent inflammatory and immune insults after
transplantation (e.g. IRI and rejection).
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support from VitroLife, Göteborg, Sweden in the past.
Jacques Pirenne is recipient of an unrestricted grant from
Astellas and Roche, Belgium.

REFERENCES AND RECOMMENDED
READING
Papers of particular interest, published within the annual period of review, have
been highlighted as:
& of special interest
&& of outstanding interest
Additional references related to this topic can also be found in the Current
World Literature section in this issue (p. 115).

1. Ortega F. Organ transplantation in the 21st century. Adv Exp Med Biol 2012;
741:13–26.

2. Pirenne J. Time to think out of the (ice) box. Curr Opin Organ Transplant 2010;
15:147–149.

3. Jochmans I, Moers C, Ploeg R, Pirenne J. To perfuse or not to perfuse kidneys
donated after cardiac death. Am J Transplant 2011; 11:409–410.

4. Monbaliu D, Liu Q, Libbrecht L, et al. Preserving morphology and evaluating
quality of liver grafts by hypothermic machine perfusion, a proof of concept
study using discarded human livers. Liver Transplant 2012; DOI: 10.1002/
lt.23550.

5. Vogel T, Brockmann JG, Friend PJ. Ex-vivo normothermic liver perfusion. Curr
Opin Organ Transplant 2010; 15:167–172.

6. Yeung JC, Cypel M, Machuca TN, et al. Physiologic assessment of the ex vivo
donor lung for transplantation. J Heart Lung Transplant 2012; 31:1120–1126.

7.
&&

Groen H, Moers C, Smits JM, et al. Cost-effectiveness of hypothermic
machine perfusion versus static cold storage in renal transplantation. Am J
Transplant 2012; 12:1824–1830.

This is the first study that compared cost–effectiveness of hypothermic machine
perfusion versus cold storage.
8.

&&

Balfoussia D, Yerrakalva D, Hamaoui K, Papalois V. Advances in machine
perfusion graft viability assessment in kidney, liver, pancreas, lung, and heart
transplant. Exp Clin Transplant 2012; 10:87–100.

This study summarizes the current experimental knowledge and clinical experience
with graft viability assessment of all solid organs during machine perfusion prior to
transplantation.
9. Schold JD, Kaplan B, Howard RJ, et al. Are we frozen in time? Analysis of the

utilization and efficacy of pulsatile perfusion in renal transplantation. Am J
Transplant 2005; 5:1681–1688.

10. Moers C, Smits JM, Maathuis MH, et al. Machine perfusion or cold storage in
deceased-donor kidney transplantation. N Engl J Med 2009; 360:7–19.

11.
&

Moers C, Pirenne J, Paul A, Ploeg RJ. Machine perfusion or cold storage in
deceased-donor kidney transplantation. N Engl J Med 2012; 366:770–771.

This study gives an update of the first publication [10] with results up to 3 years
after transplantation.
12. Watson CJ, Wells AC, Roberts RJ, et al. Cold machine perfusion versus static

cold storage of kidneys donated after cardiac death: a UK multicenter
randomized controlled trial. Am J Transplant 2010; 10:1991–1999.

13. Treckmann J, Moers C, Smits JM, et al. Machine perfusion versus cold storage
for preservation of kidneys from expanded criteria donors after brain death.
Transplant Int 2011; 24:548–554.

14. Gallinat A, Moers C, Treckmann J, et al. Machine perfusion versus cold
storage for the preservation of kidneys from donors �65 years allocated in
the Eurotransplant Senior Programme. Nephrol Dial Transplant 2012 [Epub
ahead of print].

15. Jochmans I, Moers C, Smits JM, et al. Machine perfusion versus cold storage
for the preservation of kidneys donated after cardiac death: a multicenter,
randomized, controlled trial. Ann Surg 2010; 252:756–764.

Machine perfusion in organ transplantation Van Raemdonck et al.

1087-2418 � 2013 Wolters Kluwer Health | Lippincott Williams & Wilkins www.co-transplantation.com 31



Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.

16. Jochmans I, Moers C, Smits JM, et al. Renal resistance during machine
perfusion is a factor for delayed graft function and poorer graft survival. Am J
Transplant 2010; 10 (Suppl. 4):107.

17. Moers C, Varnav OC, van Heurn E, et al. The value of machine perfusion
perfusate biomarkers for predicting kidney transplant outcome. Transplanta-
tion 2010; 90:966–973.

18. Jochmans I, Pirenne J. Graft quality assessment in kidney transplantation: not
an exact science yet! Curr Opin Organ Transplant 2011; 16:174–179.

19. Hosgood SA, Nicholson ML. First in man renal transplantation after ex vivo
normothermic perfusion. Transplantation 2011; 92:735–738.

20. Hosgood SA, Nicholson ML. Normothermic kidney preservation. Curr Opin
Organ Transplant 2011; 16:169–173.

21. Monbaliu D, Brassil J. Machine perfusion of the liver: past, present, and future.
Curr Opin Organ Transplant 2010; 15:160–166.

22. Monbaliu D, Heedfeld V, Liu Q, et al. Hypothermic machine perfusion of the liver:
is it more complex than for the kidney? Transplant Proc 2011; 43:3445–3450.

23. Imber CJ, St Peter SD, Lopez de Cenarruzabeitia I, et al. Advantages of
normothermic perfusion over cold storage in liver preservation. Transplanta-
tion 2002; 73:701–709.

24. Hessheimer AJ, Fondevilla C, Garcia-Valdecasas JC. Extracorporeal machine
liver perfusion: are we warming up? Curr Opin Organ Transplant 2012;
17:143–147.

25. De Rougemont O, Breitenstein S, Leskosek B, et al. One hour hypothermic
oxygenated perfusion (HOPE) protects nonviable liver allografts donated after
cardiac death. Ann Surg 2009; 250:674–683.

26. Brockmann J, Reddy S, Coussios C, et al. Normothermic perfusion: a new
paradigm for organ preservation. Ann Surg 2009; 250:1–6.

27. Fondevilla C, Hessheimer AJ, Maathuis MA, et al. Superior preservation of
DCD livers with continuous normothermic perfusion. Ann Surg 2011;
254:1000–1007.

28. Jamieson RW, Zilvetti M, Roy D, et al. Hepatic steatosis and normothermic
perfusion – preliminary experiments in a porcine model. Transplantation
2011; 92:289–295.

29. Guarrera JV, Henry SD, Samstein B, et al. Hypothermic machine preservation
in human liver transplantation: the first clinical series. Am J Transplant 2010;
10:372–381.

30. Henry SD, Nachber E, Tulipan J, et al. Hypothermic machine preservation
reduces molecular markers of ischemia/reperfusion injury in human liver
transplantation. Am J Transplant 2012; 12:2477–2486.

31. Taylor MJ, Baicu S, Leman B, et al. Twenty-four hour hypothermic machine
perfusion preservation of porcine pancreas facilitates processing for islet
isolation. Transplant Proc 2008; 40:480–482.

32. Karcz M, Cook HT, Sibbons P, et al. An ex-vivo model for hypothermic pulsatile
perfusion of porcine pancreata: hemodynamic and morphologic character-
istics. Exp Clin Transplant 2010; 8:55–60.

33. Leeser DB, Bingaman AW, Poliakova L, et al. Pulsatile pump perfusion of
pancreata before human islet cell isolation. Transplant Proc 2004; 36:1050–
1051.

34. Jirsch DW, Fisk RL, Couves CM. Ex vivo evaluation of stored lungs. Ann
Thorac Surg 1970; 10:163–168.

35. Hardesty RL, Griffith BP. Autoperfusion of the heart and lungs for preservation
during distant procurement. J Thorac Cardiovasc Surg 1987; 93:11–18.

36. Steen S, Sjoberg T, Pierre L, et al. Transplantation of lungs from a nonheart-
beating donor. Lancet 2001; 357:825–829.

37. Steen S, Liao Q, Wierup PN, et al. Transplantation of lungs from nonheart-
beating donors after functional assessment ex vivo. Ann Thorac Surg 2003;
76:244–252.

38. Rega FR, Vandezande EJ, Jannis NC, et al. The role of leucocyte depletion in
ex vivo evaluation of pulmonary grafts from (non)heart-beating donors. Perfu-
sion 2003; 18 (Suppl. 1):13–21.

39. Erasmus ME, Fernhout MH, Elstrodt JM, et al. Normothermic ex vivo lung
perfusion of nonheart-beating donor lungs in pigs: from pretransplant function
analysis towards a 6-h machine preservation. Transpl Int 2006; 19:589–593.

40. Snell GI, Oto T, Levvey B, et al. Evaluation of techniques for lung transplanta-
tion following donation after cardiac death. Ann Thorac Surg 2006;
81:2014–2019.

41. Neyrinck A, Rega F, Jannis N, et al. Ex vivo reperfusion of human lungs
declined for transplantation: a novel approach to alleviate donor organ
shortage? J Heart Lung Transplant 2004; 23(S2):S173 [abstract].

42. Wierup P, Haraldsson A, Nilsson F, et al. Ex vivo evaluation of nonacceptable
donor lungs. Ann Thorac Surg 2006; 81:460–466.

43. Egan TM, Haithcock JA, Nicotra WA, et al. Ex vivo evaluation of human lungs
for transplant suitability. Ann Thorac Surg 2006; 81:1205–1213.

44. Cypel M, Yeung JC, Hirayama S, et al. Technique for prolonged normothermic
ex vivo lung perfusion. J Heart Lung Transplant 2008; 27:1319–1325.

45. Cypel M, Rubacha M, Yeung J, et al. Normothermic ex vivo perfusion prevents
lung injury compared to extended cold preservation for transplantation. Am J
Transplant 2009; 9:2262–2269.

46. Ingemansson R, Eyjolfsson A, Mared L, et al. Clinical transplantation of initially
rejected donor lungs after reconditioning ex vivo. Ann Thorac Surg 2009;
87:255–260.

47. Cypel M, Yeung J, Liu M, et al. Normothermic ex vivo lung perfusion in clinical
lung transplantation. N Engl J Med 2011; 364:1431–1440.

48. Zych B, Popov AF, Stavri G, et al. Early outcomes of bilateral sequential single
lung transplantation after ex-vivo lung evaluation and reconditioning. J Heart
Lung Transplant 2012; 31:274–281.
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