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Long-termmachine perfusion of human split
livers: a new model for regenerative and
translational research

Ngee-Soon Lau 1,2,3, Geoffrey McCaughan1,2,3, Mark Ly1,2,3, Ken Liu 2,3,
Michael Crawford1,2,3 & Carlo Pulitano 1,2,3

Recent advances in machine perfusion have revolutionised the field of trans-
plantation by prolonging preservation, permitting evaluation of viability prior
to implant and rescue of discarded organs. Long-term perfusion for days-to-
weeks provides time to modify these organs prior to transplantation. By using
long-term normothermic machine perfusion to facilitate liver splitting and
subsequent perfusion of both partial organs, possibilities even outside the
clinical arena become possible. This model remains in its infancy but in the
future, could allow for detailed study of liver injury and regeneration, and ex-
situ treatment strategies such as defatting, genetic modulation and stem-cell
therapies. Here we provide insight into this new model for research and
highlight its great potential and current limitations.

Liver transplantation is the only treatment that provides a potential
cure for patients with end-stage liver disease1. Despite an increasing
need for donor livers due to an increasingnumber of patientswith liver
disease, there continues to be a shortage of available and suitable
organs1,2. Although the number of organ donors has increased, the
quality of available organs continues to decrease2–4. Consequently,
strategies to increase the number of available organs have been
required, such as using extended criteria or “marginal” donors, and
split-liver transplantation to transplant two recipients using a single
liver1. The use of these organs carries a theoretically increased risk of
graft failure, and novel ways to assess this risk or improve these organs
prior to implant are required.

Machine perfusionuses a pump, oxygenator and thermoregulator
to keep an organ alive outside the body prior to transplantation. Pre-
serving a liver in this way has a number of theoretical benefits
including: improved preservation time, assessment of viability prior to
transplant, rescue of organs that are otherwise not suitable for trans-
plant and would otherwise be discarded and improved logistics for
patients and treating teams. For the testing of viability prior to trans-
plant, research to date has focused on short-term perfusion only for a
few hours. However, long-term perfusion for days-to-weeks could
facilitate more sophisticated viability assessment, the time and

opportunity for modification of organs prior to transplant and even
the possibility of liver regeneration5.

Preservation of livers for days to weeks using machine perfusion
has enormous potential even outside the clinical arena. This “living”
human tissue is a uniquemodel that couldbe used for the studyof liver
injury and repair. Indeed, using techniques of liver splitting, twopartial
organs can be liberated, and both perfused in parallel. This has great
potential for the testing of therapeutics and investigation into the
possibility of ex-situ liver regeneration. This could pave the way for
collaboration in the fields of transplantation and basic sciences.
Herein, we will discuss the tremendous promise of long-termmachine
perfusion, the potential challenges to its use and the possibilities it
provides in the fields of translational research and beyond.

Normothermic machine perfusion
Machine perfusion systems typically require a chamber to hold the
organ; a pump to circulate the perfusate; an oxygenator to oxygenate
theperfusate; a perfusionfluid (with orwithout an oxygen carrier); and
a thermoregulator to maintain normothermic or hypothermic
conditions6. The two main categories of systems are those that use
hypothermic (4–12 °C) or normothermic (35–38 °C) conditions7. The
current gold standard for preservation prior to transplant is using cold
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static storage, where an organ is kept cool using ice at 4 °C after per-
fusion with a preservation solution. Hypothermic perfusion systems
extend on this principle by continuously circulating the preservation
solution, but they have a limited capacity for viability testing (except
perhaps the use of flavin mononucleotide)8. However, an oxygen car-
rier is not required due to the increased oxygen saturation and low
metabolic activity at this temperature and supplemental nutrition is
also not required. By contrast, normothermic perfusion systems
simulate physiological conditions and do require an oxygen carrier
and supplemental nutrition. However, they permit simulation of liver
function in a near-physiological environment and assessment of liver
function by traditional measures including bile production, biochem-
istry and histopathology5.

Short-term perfusion
A promising advantage of machine perfusion prior transplant is its use
in the determination of graft viability prior to transplant and assess-
ment of “marginal” organs. In this way, organs that would otherwise
have been discardedmay be able to be used safely for transplantation.
The assessment of suitability for transplantation, or “viability” during
machine perfusion is a field of active research. In the VITTAL clinical
trial, livers that were rejected for transplantation were perfused under
normothermic conditions. Livers that met a composite biochemical
and haemodynamic viability (lactate ≤2.5mmol/L, and two ormore of:
bile production, pH ≥ 7.30, glucose metabolism, hepatic arterial flow
≥150ml/minute and portal vein flow ≥500ml/minute, or homo-
geneous perfusion), were transplanted with 100% 90-day patient and
graft survival9. Themain criticism of the VITTAL trial criteria is the lack
of assessment of bile. Other viability criteria, have therefore aimed to
incorporate bile analysis with a view to predict those grafts that are at
high risk of post-transplant biliary complications10. In the DHOPE-COR-
NMP trial, bile pH >7.45 was a key viability criterion that was used in
addition to perfusate lactate and pH to evaluate grafts for transplant11.
Grafts that met viability criteria were transplanted with 100% 3- and
6-month patient and graft survival11.

Current viability criteria, however, remain imperfect and novel
methods are emerging for assessment of graft viability prior to
transplant. Flavin mononucleotide which is released during mito-
chondrial injury can be measured in real-time using fluorescent spec-
troscopy and can be assessed using hypothermic machine
perfusion8,12,13 This marker has shown promise for predicting
graft function but its role in clinical practice remains to be defined.
The liver metabolic function has also been investigated using meta-
bolomic profiling during machine perfusion. Although currently time
consuming and at present only investigational, assessment of meta-
bolites during machine perfusion may have a role in understanding
metabolic liver failure during short-term and also long-term machine
perfusion14.

Long-term perfusion
Compared to short-term perfusion (<24 hours), long-term perfusion
(>7 days) is technically challenging and resource-intensive. However,
perfusion in the range of days-to-weeks could facilitate more detailed
and sophisticated assessment of organs and even provide time to
regenerate or modify these organs prior to transplant5. In addition to
the pump, oxygenator, thermoregulator and perfusate required for
short-term perfusion, long-term perfusion requires supportive nutri-
tion, precise control of acid-base balance and a dialysis filter5,15. Long-
term perfusion, particularly under normothermic conditions, also
carries additional challenges such as the prevention of microbial
contamination. Contamination of the perfusate during perfusion of
human kidneys16 and porcine livers17 has demonstrated both gram-
positive and gram-negative organisms as well as fungi. Long-term
perfusion of human livers by our group also demonstrated mixed
growth of microbial contaminants in half of all perfused organs18.

Using subnormothermic conditions (34 °C), and a custom-built
integrated system, long-term perfusion of livers for 7 days was
reported by a group in Switzerland19,20. Perfusion for this duration
allows for extended viability assessment and a prolonged period of
perfusion time to facilitate graft resuscitation prior to transplant. The
same group also recently reported the 1-year follow-up of a liver that
was perfused using ex-situ normothermic preservation for 3 days (to
allow time for histopathological clarification of a liver lesion in the
donor) and then transplanted21.

Recently, the study of long-term normothermic perfusion of
human livers formore than 7 days has increased in interest. Our group
has recently reported our experience in long-term perfusion of human
livers, with perfusion as long as 13 days22,23. By contrast to the Swiss
group, a custom-built integrated system was not used and long-term
perfusion was achieved by modifying a commercially available system
(Liver assist, Xvivo, Gronigen, Netherlands). This has the advantage of
being more easily reproducible and accessible. These modifications
included exchange of short-term oxygenators for long-term oxyge-
nators, addition of a parallel circuit including an adjustable dialysis
filter and addition of a gas blender for fine control of oxygenation23,24.
A group from Italy, also recently reported perfusion of a human liver
for 17 days by integrating an extracorporeal blood purification
system25. Although challenging and labour-intensive, this work
demonstrates the potential role of long-term normothermic machine
perfusion in the detailed assessment of organs and possibly even
modification prior to transplant.

Liver splitting
Liver splitting is a technique used to permit the treatment of two
recipients (typically an adult and a child) using a single donor liver. As
described in the 1980s by Pichelmayr26 and Bismuth27 the liver is
divided along the line of the falciform ligament into a left lateral seg-
ment graft (LLSG, segments 2 and 3) and an extended right graft (ERG,
segment 1, 4–8)28. The smaller LLSG is then used for a paediatric
recipient and the ERG for an adult. Full-left, full-right splitting where
the liver is divided alongCantlie’s line and eachpartial graft is intended
for an adult recipient remains controversial due to most groups
reporting poor outcomes29.

There are currently two described methods for liver splitting for
transplantation. The ex-situ method is performed in an ice bath on the
back table after the whole liver has been retrieved from the donor29,30.
Using the in-situ method, the liver splitting is performed during the
warmphase of thedonor operation prior to cold perfusion and the two
partial grafts are then transported separately to the recipient trans-
plant centres29,31. The ex-situ method requires a shorter donor surgery
time, and specialist liver surgeons are not required to travel because
the liver is retrieved whole, and the split occurs in the cold phase.
However, this necessitates a longer cold ischaemic time which has
associations with an increased risk of graft complications30,32,33. By
contrast, the in-situ technique transfers the additional time required to
the warm phase, which reduces the cold ischaemic time but requires a
longer donor surgery, and for liver surgeons to travel to the donor
hospital34,35.

Novel techniques for liver splitting using machine perfusion have
recently been described36–39. This potentially combines the best of
both the ex-situ and in-situ techniques. One technique utilises hypo-
thermic oxygenated machine perfusion which maintains the organ
under hypothermic conditions and maintains oxygen within the per-
fusate to essentially extend the preservation time. Another uses nor-
mothermic conditions and continuous perfusion during the splitting
procedure, such that the liver and then both partial livers can be
continuously assessed and monitored during perfusion39. In either
case, liver splitting using machine perfusion certainly allows for the
liberation of two partial organs from the same donor, which can be
individually assessed for suitability for transplant.
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Long-term perfusion of split livers
A major advantage of long-term normothermic machine perfusion is
the ability to study living human tissue ex-situ, and the potential to use
this as a model of liver injury and repair. A model of long-term per-
fusion that also utilises split livers could also unlock areas of research
otherwise not thought possible. For instance, the detailed assessment
of a liver after iatrogenic injury (splitting) and the process by which it
undergoes regeneration. Indeed, a unique model with partial organs
from the same liver could also act as an ideal model for the testing of
therapeutics with a matched control.

This idea was first explored by a group at Harvard, Boston, USA,
that perfused partial liver after splitting for 3 hours under sub-
normothermic conditions40. Our group took this further and devel-
oped a long-termmodel for the ex-situ perfusion of split livers (Fig. 1).
Using ourmodified commercial perfusion system, 10whole livers were
split into 20 partial livers without interruption to perfusion, and then
both partial livers were perfused in parallel for more than 7 days. The
median survival of the partial organs was 165 hours, and the longest
surviving partial graft lasted for 327.5 hours41. Not only does this pro-
vide a model of living human tissue that can be analysed in detail
without fear of harming a humanparticipant; a built-in internal control
compensates partially for the variability associated with each indivi-
dual organ and the small numbers associated with research using
donated organs.

Theother unique characteristicof thismodel is the ability to study
the response of a partial liver when it has been injured in a predictable
way (liver resection). Indeed, after liver resection, the pathways that
lead to remnant hypertrophy in vivo are incompletely understood. A
long-term perfusionmodel of partial livers provides an opportunity to
study the changes that occur during injury, and potentially reveal the
mechanisms required for regeneration.

The challenges in the long-term perfusion of split livers, however,
should not be underestimated. This model required constant human
supervision for manual titration of infusions and dialysis settings24.
Automation by means of real-time sensors and artificial intelligence

may be able to simplify this process, but each liver requires an indi-
vidualized treatment paradigm (much as an individual patient would).
Thismeant thatmedical expertise was almost always required, and our
staff needed to draw on clinical knowledge to safely support the
organs. Secondly, long-term perfusion using open reservoir systems is
particularly susceptible to environmental contamination and infection
of the organ. Perfusate cultures demonstrated the growth of gram-
negative and gram-positive bacteria as well as fungi18. Not only could
thesemicroorganisms interferewith a scientificmodel, but infectionof
the organ through environmental contamination may act to damage
the organ and shorten its lifespan.

Thirdly, perfusion of a partial organ is more difficult and less
reliable than perfusion of a whole organ. Smaller arterial and venous
cannulaswere required, and due to the size of the organ relative to the
organ chamber of the perfusion machine, the vessels were prone to
kinking and inconsistent flow. Our perfusion system had a minimum
perfusate volume of 2 L and utilized pressure control to regulate flow.
Therefore, when smaller cannulas were used for the partial organs to
account for smaller vessels, the flow provided exceeded normal phy-
siological values. The effects of this on liver physiology in a partial
organ remain to be quantified but may have induced a pseudo-small
for size syndrome in these partial organs. Indeed, in the context of
long-termperfusion, splitting the liversmay have been a disadvantage.
Differences in perfusion of the partial livers resulted in differences in
the anatomy anddegree of injury to each liver and this almost certainly
compromised the potential lifespan of these organs. Until the techni-
que and model is mature, this needs to be recognised as an important
limitation.

Finally, despite our best efforts, all organs eventually failed with-
out a specific explanation. This highlights that there must be either a
missing metabolic signal required for the maintenance of energy
homoeostasis or the buildup of a toxic metabolite that impacts graft
function and leads to organ failure. It is possible that these organswere
not thriving in the ex-situ environment and that conditions had not
been met for them to even achieve growth or regeneration.

Fig. 1 | Schematic summary of model for long-term perfusion of human split
livers usingnormothermicmachineperfusion.After back table dissection,whole
livers are resuscitated using normothermicmachine perfusion for 12–24hours. The
liver is then surgically split without interruption to perfusion, and the two partial
grafts are transferred to separate perfusion machines. The partial grafts are then

perfused in the long-term, which allows for a number of experimental models,
including testing therapeutics and the study of liver injury and liver regeneration.
Surgery icon created by Yoyon Pujiono, https://thenounproject.com/icon/surgery-
3681231/. Licensed under: https://creativecommons.org/licenses/by/3.0/”.
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Machineperfusion as aplatform for liver repair and
regeneration
A potential application for long-term ex-situ perfusion is the repair of
suboptimal grafts. Ischaemia-reperfusion, a process that is unavoid-
able during organ retrieval and preservation, plays a pivotal role in
early organ failure, particularly in organs of lower quality. The release
of cellular injury markers is indicative of this damage; these markers
typically peak within the first 48 hours and then show signs of
improvement, suggesting an ongoing repair process41. As a result, an
enhancement in liver function is often observed, indicative of an active
repair mechanism. Consequently, ex-situ liver repair and therapeutic
intervention may require a perfusion duration extending beyond
48 hours. Long-term normothermic machine perfusion offers the
unique advantage of a controllable environment, allowing for the
introduction of therapeutic agents without any interference from the
host immune system.

Therapeutics that are currently under investigation aim to repair
and even regenerate injured livers during long-term ex-situ perfusion
(Fig. 2). These include: defatting cocktails for hepatic steatosis, and
RNA interference, and stem cell therapy to induce regeneration5.
Overall, machine perfusion presents a novel strategy for treating and
modifying an organ prior to transplantation. It effectively eliminates
the challenges that typically accompany invivo treatments, suchasoff-
target effects and issues with over or under-dosage, and permits
testing of these in the lab setting with living human tissue prior to
translation into the clinical arena.

Ex-situ treatment strategies
Defatting
Severely steatotic livers are typically excluded from transplantation
due to the heightened risk of ischemia-reperfusion injury (IRI) and
primary non-function4. Defatting cocktails, (including substances such

as forskolin, scoparone, nuclear receptor ligands (GW7647,
GW501516), hypericin, and visfatin) have been shown to reduce stea-
tosis by 40% in studies using discarded human livers42. The safety of
these cocktails for clinical use is currently under evaluation in a ran-
domised controlled trial (RCT) (ISRCTN 14957538).

Sousa Da Silva et al.43 recently reported successful defatting of
steatotic liver grafts using extended ex-situ normothermic perfu-
sion. The authors credited the effective defatting to a combination
of factors: prolonged perfusion, glucose management, circadian
nutrition, and the addition of defatting agents such as L-Carnitine
and fenofibrate. They suggested that secreted ketone bodies could
be eliminated from the perfusate by dialysis, and fat could be
excreted into the perfusate as very low-density lipoproteins, which
are then removed by perfusate lipopheresis. Additionally, Kupffer
cells might play a role in clearing the fat released into the
sinusoids19.

Our group has recently demonstrated in 20 split human liver
grafts that long-term perfusion result in significant reductions in both
macrovesicular and microvesicular steatosis in steatotic liver, without
the need for additional defatting agents41. This indicates the potential
for long-term perfusion itself to be an effective method for defatting
steatotic grafts.

Genetic modulation
Transient silencing of genes related to IRI or graft rejection may be
able to minimise liver damage and post-transplantation
complications44. Molecules such as small interfering RNA (siRNA),
microRNA, and short-hairpin RNA, have been explored for this
purpose44. The RNA-induced silencing complex has been used to tar-
get genes involved in IRI, including caspase-8 and caspase-3, that are
involved in apoptosis, and nuclear factor-κB. In rodent models of liver
transplantation, silencing these genes resulted in reduced apoptosis

Fig. 2 | Potential ex-situ treatment strategies using long-term normothermic
machine perfusion. The machine perfusion system offers a uniquely controllable
environment that potentially allows for the introduction of therapeutic agents
without interference from the host immune system. The peak of cellular injury

occurs 24–48hours after reperfusion. The process of repair and regeneration
occurs in the following days to weeks. Long-term perfusion provides an adequate
time frame for these agents to be effective.Defatting cocktails, geneticmodulation,
stem cell therapy and agents for liver regeneration are under investigation.
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and better preservation of liver architecture, thereby demonstrating
reduced IRI44–46.

While immunosuppressive therapy reduces rejection risk, it is
associated with an increased risk of infection, malignancy and drug-
related side-effects. Modification of the graft perioperatively may
reduce immune system activation, and therefore the degree of
immunosuppressive therapy required47. Nanoparticle therapy using
compounds that release siRNA have been used during normothermic
machine perfusion to ablate endothelial major histocompatibility
complex class II molecules, and therefore reducing protein expression
in the allograft and protect against rejection48. Furthermore, the
CRISPR technique has been used to eliminate molecular antigens and
to insert CD47 proteins49. This aims to, therefore, create hypo-
immunogenic human-induced pluripotent stem cells and reduce the
need for immunosuppression. Dendritic and regulatory T cells are also
a potential target, whereby CRISPR/Cas9 gene editing can be used to
modulate their activity and induce immunotolerance50, a strategy that
could pave the way for organ bioengineering without the need for
immunosuppressive drugs51. Machine perfusion has also recently been
applied to remove blood group antigens. Notably, using a model of
normothermic machine perfusion of human lungs, FpGalNAc deace-
tylase and FpGalactosaminidase were able to eliminate 97% of blood
group A antigens from type A donor lungs52.

Stem cell and progenitor cell therapy
Hepatocytes constitute 80% of the liver’s mass. In the past two dec-
ades, hepatocyte transplantation has been explored for various dis-
eases, showing short-term efficacy and safety53. However, its clinical
application is limited by challenges such as the difficulty in isolating
high-quality cells from “marginal” donor livers, low cell engraftment
rates, inflammatory responses, and transient effects53. To address
these issues, research is now focusing on alternative cell sources.

Mesenchymal stem cells (MSCs) are more readily isolated
and cultured. They can be derived from different tissues and differ-
entiated into hepatocyte-like cells, which may have anti-inflammatory
and immunomodulatory effects54. Animal studies have demonstrated
promising results whenMSCs are combined with certain technologies,
improving liver function, reducingmitochondrial and biliary epithelial
cell damage, and extending survival times55. These encouraging find-
ings have also been observed in donated human livers that were not
suitable for transplant. Using a model of normothermic machine per-
fusion, multi-potent adult progenitor cells were directly infused into
the right lobe via the right hepatic artery or the portal vein. This direct
introduction of cells into the target organ yielded anti-inflammatory
and immunomodulatory benefits without adversely affecting the per-
fusion process56.

Additionally, human-induced pluripotent stem cells can differ-
entiate into multiple hepatic cell lineages, from embryoid bodies to
mature hepatocytes, showing promise for the creation of human
organoids57. Autologous hepatocytes can be cultured to form three-
dimensional liver organoids, and potentially used for organ function
restoration. Long-term normothermic machine perfusion offers an
ideal setting for injecting organoids into injured donor livers. Sampa-
ziotis et al. successfully delivered cholangiocyte organoids to donor
human livers under normothermic machine perfusion, demonstrating
the repair of intrahepatic ducts58. The team also injected protein-
expressing gallbladder organoids into the hepatic duct of the liver and
were able to demonstrate successful cholangiocyte engraftment and
differentiation after 100 hours of perfusion58.

Liver regeneration
The liver is renowned for its remarkable regenerative capacity. After a
reduction in volume, such as following liver resection or splitting, it
can regenerate almost all of its originalmass; although this can take up
to several weeks59. The regenerative process involves compensatory

hyperplasia of the remaining hepatocytes, which stops once the liver
reaches an appropriate volume59.Machine perfusionpresents a unique
platform for regenerative therapy, providing a controlled environment
for adding pro-regenerative compounds and offering the possibility to
cultivate livers from partial grafts for transplantation.

In the context of partial hepatectomies, there is evidence of a
transient accumulation of steatosis and an initial metabolic shift from
glucose to lipid for energy production, fuelling the regenerative
process59. This initial fat accumulation appears to be a regulated
response, with upregulation of various gene expression markers60.
Increased circulating cytokines stimulate the release of fatty acids
from systemic adipose tissue, which are then stored as triacylglycerols
in intracellular fat droplets within the liver, either for β-oxidation or
cell membrane reconstruction60. These changes occur over a period of
at least 7 days in mice, allowing the reduced liver to regenerate almost
completely. It remains to be shownhow long this takes, orwhether it is
possible in humans. Using models of long-term perfusion of human
livers, the ability to study this has become reality41. In fact, this model
offers a starting point for research into the induction of growth in
undersized partial grafts for direct transplantation, potentially
through genetic editing and therapeutics (Fig. 3).

Current research in liver regeneration during normothermic
machine perfusion focuses on the potential of stem cell-based thera-
pies and organoids to foster repair and regeneration15. For instance,
using machine perfusion, Xuan et al.61 demonstrated the repair and
regeneration of bile duct injury in rat livers using haem oxygenase-1
modified bonemarrowMSCs. Jassem et al.62 also showed upregulation
of liver regeneration-promoting genes in human livers perfused for
3.5–18.5 hours,while Liu et al.63 observedbiliary epithelial regeneration
after 24 hours of normothermic perfusion in porcine livers.

Identifying key molecules that can induce liver growth during
machine perfusion remains a challenge (Fig. 3). An important potential
targets is phosphatase and tensin homologue (PTEN), which is a
tumour suppressor that inhibits the PI3K/AKT pathway60. CRISPR-Cas9
targeting of PTEN in a murine model has demonstrated liver enlarge-
ment in fourmonths after treatment64. PTEN inhibition, through drugs
or RNAi, is another strategy, which has the additional benefit of
potentially ameliorating IRI-related inflammation60. Other potential
targets include the Hippo/Yap signalling pathway65, Wnt-pathway
activators66, and the constitutive-androstane-receptor (CAR)
agonists67. Additionally, the role of chemical gradients, endogenous
ion flow, and cellular membrane potential in regulating cell behaviour
during regeneration is worth exploring68. Several studies have impli-
catedK+ currents in regulating cell division, suggesting that alterations
in cellular membrane potential and hyperkalemia could significantly
impact liver regeneration68,69. The importance of cellular membrane
potential and hyperkalaemia on liver regeneration could easily be
tested during long-term normothermic machine perfusion.

Biliary regeneration
Biliary strictures continue to be an important limiting factor in the
utilisation of donated livers because they are an important contributor
to post-transplant morbidity and the need for retransplantation70.
Strictures are thought to originate froman ischaemic biliary injury that
occurs at the time of organ donation71. Assessment of livers using
normothermicmachineperfusionhasencouraged interest in assessing
biliary injury prior to implant and the addition of biliary viability cri-
teria has allowed for successful transplantation of livers with minimal
rates of post-transplant biliary strictures72. The mechanism for the
development of these biliary strictures, however, remains poorly
understood.

A lack of biliary regeneration is thought to have a key role in the
development of biliary strictures73. Injury to the peribiliary vascular
plexus and peribiliary glands correlates with unfavourable biliary bio-
chemistry and these structures are thought to be key to recovery and
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regeneration of the biliary epithelium after injury during
preservation74,75. Indeed, the peribiliary glands are thought to store the
biliary stem cells required for initiation of the regenerative
response76,77. Evaluation of biliary regeneration, therefore may be key
to predicting biliary strictures, and modulation of this phenomenon
may be key to its prevention.

Importantly, biliary regeneration may require as long as 72 hours
to commence, and therefore will be missed by traditional short-term
normothermic machine perfusion74. Using a model of long-term per-
fusion permits a comprehensive evaluation of biliary regeneration and
could provide a window for intervention. This may allow for identifi-
cation of biomarkers of biliary regeneration during long-term perfu-
sion, which could also be used formonitoring biliary regeneration, and
even as targets for modulation of the process. Our group has also
recently demonstrated evidence of biliary regeneration in human
livers using our model of long-term normothermic machine
perfusion78. Machine perfusion may also permit intervention in the
biliary tree with therapeutics. In fact, using a model of normothermic
machine perfusion of human livers, Sampatziotis et al.58 delivered
gallbladder organoids into the intrahepatic ducts and demonstrated
successful engraftment of the biliary tree and regeneration of
cholangiocytes.

Beyond liver transplantation
Long-termnormothermicmachine perfusion provides a uniquemodel
for translational research enabling the introduction of therapeutic

agents that would be ineffective in protocols of short duration15. The
“living” organs maintained in this way can potentially provide valuable
opportunities for translational research, allowing many types of
researchprojects, includingpharmacotherapy, gene therapy, stem-cell
therapy, and organ/tissue engineering19. One of the most important
advantages is that it allows researchers to overcome the known lim-
itations of animal models79. The usefulness of animal models in
Immunology, Transplantation, and Oncology has been questioned
because of irreproducibility and poor simulation of human
conditions79. Because human organs are used, the results obtained
using human organs during machine perfusion are potentially highly
translatable to clinical practice.

Preclinical drug testing has traditionally relied on animal
models80. Despite their usefulness, these models often fail to predict
human responses accurately due to interspecies differences in meta-
bolism anddrugprocessing. This limitation leads to high attrition rates
in clinical trials80. Long-term normothermic machine perfusion emer-
ges as a solution, offering a more human-relevant model by utilising
human livers that are declined for transplantation. Partial livers
obtained after liver resections that contain liver tumours may provide
another unique model20. Models such as these can potentially be used
to test new therapeutics and study the metabolism and growth pat-
terns of tumours in a controlled, physiologically relevant environment,
enhancing our understanding of cancer biology.

Gene therapy, particularly for liver-related diseases, stands to
benefit significantly from long-term normothermic machine

Fig. 3 | Potential targets for liver regeneration. Liver splitting and long-term
perfusion provide the opportunity to induce liver regeneration and potentially
improve partial organs prior to transplant.Multiple pathways have shown potential
as mechanisms for liver regeneration, including phosphatase and tensin

homologue (PTEN) inhibition, Hippo/Yap and Wnt-pathway activation, stem cell
treatments, and modulation of cellular membrane potentials. An ex situ model of
long-term perfusion of split livers allows a detailed study of liver regeneration and
testing of these potential targets.
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perfusion44,81. This technology can be used to test gene-editing tools
like CRISPR/Cas9, RNAi and the effect of new vectors on human livers,
providing insights into the efficacy and safety of these
interventions44–48. Long-term normothermic machine perfusion may
enhance these experiments by allowing the delivery of such ther-
apeutics into the liver in isolation. This canminimise systemic toxicity
and reduce associated costs byminimising the dose of the therapeutic
agent required. In fact, our group’s model of long-term perfusion was
recently used to evaluate adeno-associated viral vectors, which
demonstrated the potential of using this model for testing liver-
specific gene therapy82.

A potential limitation of testing therapeutics using human livers in
this way is the heterogeneity of the livers available for research1–4. As
such, the sample size required to achieve adequate power for mean-
ingful results is often logistically challenging.Our grouphasdeveloped
a technique of ex-situ liver splitting whereby a whole liver can be
anatomically split into left and right lobes during normothermic
machine perfusion, and the two lobes can be perfused in parallel on
separate perfusion machines. In this way, each experiment has an
internal control, which can minimise the effect of heterogeneous
grafts and increases the sample size of the organs available for
research41.

Long-term normothermic machine perfusion can also serve as
an incubator for growing tissues or engineering organs. By pro-
viding a controlled environment, researchers can explore tissue
growth, stem cell differentiation, and organ development, poten-
tially leading to breakthroughs in creating lab-grown organs15.
Similarly, long-term normothermic machine perfusion can also
provide an ideal environment to nurture the development of
organoids or bioprinted tissues, benefiting from the dynamic flow
of nutrients and oxygen15,83.

Moreover, long-term normothermic machine perfusion can be
used to study cell-cell interactions in a dynamic environment, critical
for understanding tissue homoeostasis and disease development84.
Studying disease processes in real-time on human organs can yield
invaluable insights. Diseases like hepatitis, cancer, and cirrhosis can be
studied under more realistic conditions compared to traditional cell
cultures or animalmodels, potentially leading to better understanding
and treatments15,85. Indeed, long-term normothermic machine perfu-
sion can also be valuable as an educational tool, providing medical
professionals with a realistic platform to study human organ physiol-
ogy and practice surgical techniques39.

Limitations
Long-term normothermic machine perfusion of the liver represents a
groundbreaking advancement in organ transplantation and regen-
erative medicine. Despite its potential, this technology is not without
challenges. Understanding these constraints is essential for guiding
future research and clinical application. These include: technical
challenges, ethical considerations regarding the use of human tissues,
the need for advanced gene-editing tools, and the complexity of liver
biology5,15,86.

Long-term normothermic machine perfusion systems are techni-
cally sophisticated and expensive, which limits their widespread
adoption5. Our group developed a method to do this by modifying
commercially available equipment, which makes this more accessible,
but this method is labour intensive. The requirement for specialised
trained personnel adds to the operational costs87. Future develop-
ments in this technology should aim to reduce its complexity and cost
though the use of fully automatic systems that minimise the need for
trained personnel5.

Prolonged perfusion can lead to cumulative stress on the liver,
potentially causing damage. Balancing the perfusion duration to
maximise benefits while minimising harm is a delicate and ongoing
challenge5. The ideal parameters for organ survival and the required

conditions for liver regeneration and repair remain to be defined.
There is also a need to identify new viability criteria and understand
the causes that lead to anorgan’s death during long-termperfusion12,86.
The challenge will be, particularly as wemove to the clinical arena with
this technology, to find consensus regarding definitions and define
clear clinical endpoints such that inter-group variability can be
minimised.

As a scientificmodel for study of humanphysiology, injury and for
the study of therapeutics, this model suffers from inter-organ varia-
bility. Just as human participants vary from one to the other, each liver
comes from a person with different co-morbidities and different
genetic and environmental factors. The inter-organ variability may be
partially compensated for by our model of split-liver perfusion by
providing an in-built internal control, However, this model is labour
intensive, requires a unique combination of scientists, surgeons and
clinicians and a dedicated hybrid lab. Future work should aim to sim-
plify the process, and perhaps develop a dedicated purpose-built
perfusionmachine with adaptations intended to allow easy replication
of this model.

In all, despite great potential, this work to date largely remains
theoretical, and preclinical. The challenge for the future will be to
translate these concepts into practice, and to demonstrate their safety
and efficacy in the clinical arena. Global collaboration is required, with
an understanding of the potential of this technology but also accep-
tance of its limitations.

Future directions
Machine perfusion has revolutionised liver transplantation and
opened numerous avenues for novel applications. Beyond viability
testing, this technique may allow organs to be modified and
improved prior to transplant. Liver splitting increases the utility of
donated livers by allowing two recipients to be transplanted using
the same donor liver. Machine perfusion can potentially be used to
improve liver splitting and potentially provide the ability to assess
individual partial livers prior to transplant. Long-term perfusion of
split livers takes this to the next level by permitting perfusion in the
range of days-to-weeks and with this, the potential to enhance,
modify, and even regenerate these organs. Indeed, an accessible,
robust model of long-term perfusion of split livers could bridge the
gap between clinical sciences and translational research, paving the
way for collaboration in the fields of transplantation, basic sciences
and beyond. This field, however, remains in its infancy, with a
number of known and unknown challenges to face. Future work
should aim to understand in detail the requirements for the long-
term ex-situ survival of organs and to understand the role of this
model in the study of therapeutics, liver injury, genetic modulation,
and liver regeneration.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
No data were generated in this study.
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