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Current status and future directions of liver transplantation for metabolic liver 
disease in children  
 
Background  
Orthotopic liver transplantation (OLT) in the care of children with inborn errors of 
metabolism (IEM) is well established.  Metabolic conditions represent the second most 
common indication for paediatric liver transplantation in most centres worldwide, behind 
biliary atresia.   IEM comprise 18% of paediatric transplantations in European countries (1), 
15% in Australia and New Zealand (2), and up to 30% in the United States of America (USA) 
(3).   
 
OLT offers cure of disease when a metabolic defect is confined to the liver.  In disorders with 
extra-hepatic involvement and no “functional cure”, liver transplantation may still be 
transformative on a patient’s quality of life, reducing the risk of neurological damage 
resultant from metabolic crises.  Some metabolic diseases involve progressive liver 
parenchymal damage, although this is not usually the primary indication for transplant. 
Necessity of early OLT referral is increasingly recognised in some severe defects.  This is 
balanced with operative challenges seen in younger infants, and longer wait times to find 
suitable size donors (4). An increasing number of transplant referrals for children with IEM 
has contributed to strain on graft access in many parts of the world.   With larger recipient 
pools, pragmatic evaluation of IEM referrals is essential.  This is important in cases where 
progression of extra-hepatic disease is anticipated post OLT, and/or long-term outcome is 
expected to be poor.  Liver transplantation scoring systems, such as the Paediatric End Stage 
Liver Disease (PELD) and Model for End Stage Liver Disease (MELD), may not accurately 
prioritise need in these patients compared to the remaining pool.  Various strategies are 
utilised across the world to manage these challenges.   
 
In centres with limited deceased donor pools, high rates of living donor liver transplantation 
(LDLD) may be utilised in children with inborn errors of metabolism requiring 
transplantation.  Benefits of this approach include semi-elective capacity of scheduling and 
multi-disciplinary planning, and ensuring patients are metabolically fit and optimised at the 
time of transplant.  Heterozygous status of a parental donor does not appear to affect 
outcome in most metabolic diseases post transplantation (5, 6).  Exceptions to this include 
maple syrup urine disease and maternal carriers of x-linked ornithine transcarbamylase 
deficiency, although cases of adequate outcomes have been described (7, 8). Other 
approaches to waitlist management of metabolic disease include special categories (9) or 
additional transplant waiting list points (10). 
 
Transplantation is ideally avoided in children during active metabolic crises.  Transplantation 
in children with defects lacking parenchymal liver disease may be more straightforward in a 
technical sense.  However, absence of cirrhosis and premorbid portal hypertension and 
portosystemic collaterals may contribute to poorer tolerance of caval and portal vein 
clamping.  This may result in bowel wall oedema and increased post-operative vascular 
sequelae, such as hepatic artery thrombosis (6, 11, 12).  Higher rates of late biliary 
complications and chronic rejection may also be seen (3, 13).  Surgical team experience is 
known to be an important prognostic factor in children undergoing liver transplantation (14, 
15).  Care of children with inborn errors of metabolism undergoing OLT is further optimised 
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with multi-disciplinary design of a patient’s individualised peri and postoperative protocol, 
with input from metabolic and specialists relevant to a child’s extra-hepatic comorbidities 
(16, 17).   
 
Outcomes post OLT for inborn errors of metabolism are generally excellent, with a 1 year 
survival of 97% in a large registry in USA (6).  Previous post-transplant estimates predict 
long-term survival at over 80% at 10 years (3, 12, 18).  However this benefit must be 
balanced with consideration of a composite risk of morbidity, and commitment to a lifetime 
of post-transplant chronic disease management.  Decision to proceed with liver 
transplantation is highly individualised based on the child’s dynamic risk-benefit profile, 
their family unit, and their treating multidisciplinary team (16, 19).  Also to be considered is  
the chance of future treatments, such as gene therapies, emerging in the medium term.   
 
In this review we will describe some of the most common metabolic defects for which liver 
transplantation is undertaken reflecting recent updates on pre and post-transplant 
management.  
 
METABOLIC DEFECT CONFINED LARGELY TO LIVER 
Associated structural liver disease  
Tyrosinemia type 1  
Hereditary tyrosinemia results from deficiency of fumarylacetoacetate hydrolase, the final 
step in the tyrosine catabolism,.  This results in accumulation of toxic intermediate 
metabolites, including succinylacetone, in liver and other tissues.  Severe progressive liver 
failure and renal dysfunction in infancy are common, however growth restriction, chronic 
liver disease, rickets and hepatocellular carcinoma (HCC) can manifest later in childhood. 
OLT offers lifetime cure of the defect and improved quality of life, but is rarely required in 
recent times following the transformative use of nitisinone (NTBC) in patients with 
tyrosinaemia type 1 (20).  Combined with phenylalanine and tyrosine restricted diet, early 
NTBC can restore normal liver and renal function and prevent associated porphyria 
episodes, and may abate risk of HCC (20, 21). Liver transplantation may still be necessary in 
presentations with acute liver failure, if no improvement of coagulopathy or jaundice is seen 
with NTBC therapy, or in suspected or confirmed HCC (22, 23).  Persistent renal production 
of succinylacetone post OLT is not believed to be pathogenic (24).  NTBC is not routinely 
recommended post OLT.    
 
No structural liver disease 
Urea cycle disordersUrea cycle disorders represent the most common group of metabolic 
liver disease referred for paediatric liver transplantation in many centres (2, 3, 12, 25). The 
urea cycle is responsible for detoxification of nitrogenous waste products from protein 
catabolism in periportal hepatocytes.  Ornithine transcarbamylase deficiency (OTCD) 
accounts for more than half of UCD, with other inherited defects shown in Table 1 (26).   

Table 1: Urea Cycle Disorders 

Defects within urea cycle (and associated urea cycle disorder) 

Enzyme defects  
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- N-acetylglutamate synthase deficiency (NAGS deficiency) 

- Carbamolyphosphate synthetase 1 deficiency (CPS1 deficiency) 

- Ornithine transcarbamylase deficiency (OTC deficiency) 

- Argininosuccinic synthase [ASS] deficiency (“Citrullinemia type 1”) 

- Argininosuccinate lyase [ASL] deficiency (“Argininosuccinic aciduria”) 

- Arginase deficiency [ARG1] (“Arginaemia”) 

Amino acid transporter defects  

- Mitochondrial orthinine translocase deficiency [ORNT1] 
(“Hyperornithinemia-hyperammonemia-homocitrullinuria [HHH] 
syndrome) 

- Citrin deficiency 

Clinical manifestations include encephalopathy from hyperammonaemia, and both acute 
and chronic liver dysfunction.  Severity of hyperammonaemia on presentation, and during 
subsequent metabolic crises contribute to neurological injury and a varied degree of long-
term disability (27).  Additional metabolic toxins, such as argininosuccinate, may also play a 
role in neurological dysfunction in distal enzyme defects where alternative nitrogenous 
waste excretion mechanisms are intact (28, 29).  Outcomes do not necessarily differ 
between proximal mitochondrial (eg CPS1D, OTCD) and cytostolic distal defects (ASS, ASL) in 
this setting (28, 30). 

Severe defects with complete enzyme loss present in the neonatal period any may include 
OTCD, CPS1, citrullinaemia type 1 and arginoionosuccinic aciduria.  Severe neonatal 
encephalopathy with ammonia levels >360umol/L is recognised to be associated with a poor 
neurological prognosis long-term (31).  However children presenting later, with milder 
defects and often partial enzyme function also have a long-term risk of neurodisability (28).  

Orthotopic liver transplantation (OLT) results in functional cure of UCD, preventing further 
neurological injury from hyperammonaemia and improved quality of life (17, 30). High post-
transplant survival rates of over 95% at 1 year have been described (32).  Timing and 
decision for OLT for children with UCDs should be considered based on severity of disease 
and family preference (19).  Early OLT between 3 to 12 months in severe, neonatal 
presentations of UCD is increasingly recognised to be necessary in preventing future 
irreversible neurological injury (32-34).  In this group, OLT at less than 1 year may achieve 
improved, or even partial recovery of previous neurological insult without increased in 
morbidity or mortality from transplant (35, 36).  Later onset, milder UCD phenotypes 
refractory to standard medical therapies may be considered for OLT acknowledging 
cognitive risks with long transplant waiting  times (34).   

Although low-protein diet may be liberalised in most post OLT, medical therapies may still 
be required in children with some UCD.  For example, defective intestinal citrulline 
production is uncorrected post OLT in CPS and OTC, and affected children may require 
supplementation (32).  Similarly arginine supplementation may be needed in some ASD and 
ASL patients post OLT with deficiency in extra-hepatic tissues (29, 37, 38). 
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Role of OLT is more complex in argininosuccinic acidura (ASL), a UCD which also exhibits 
extra-hepatic expression in brain and kidney tissue, with a variable phenotype depending on 
arginosuccinate lysase activity (37-39).  Children with ASL may be considered for OLT in the 
setting of medically refractory hyperammonaemia, or progressive chronic liver disease (37).   
Neurocognitive stabilisation has been described post OLT in ASL (29, 37, 38).  Given 
hyperammonaemia is not the only proposed mechanism of neurological injury in ASL, the 
significance of low arginine, and persistently high citrulline and argininosuccinic acid 
(including in cerebrospinal fluid) post OLT remains unknown (30, 37, 38).   

OLT in disorders related to amino acid transporter defects is less clear.  Citrin deficiency 
presents with a neonatal intrahepatic cholestasis in childhood. Spontaneous clinical 
remission is often seen by 12 months of age (40), although infants requiring OLT in the 
setting of hepatic dysfunction have been described (41, 42).  The value of OLT to prevent 
progression to adult citrullinemia type 2 has not been clarified. Patients affected by HHH 
syndrome may exhibit years of clinical stability with medical approaches and a normal life 
span (43, 44).  The utility of OLT in this setting is not well understood, with a single case of 
OLT undertaken in a child with HHH syndrome, in the setting of poor metabolic control (43).   

 
Primary hyperoxaluria type 1 
Primary hyperoxaluria is caused by an inborn error of metabolism causing aberrant 
glyoxylate metabolism, and enhanced hepatic oxalate production (45).  Net oxalate excess 
results in nephrocalcinosis, with up to 50% reaching end-stage renal disease in childhood 
years (45).  If glomerular filtration rate drops to less than 40ml/minute/1.73m2, systemic 
oxalosis ensues contributing to morbidity from cardiac, vascular, bone marrow, 
musculoskeletal and ocular tissue oxalate accumulation. 
 
Liver transplantation in primary hyperoxaluria type 1, is curative of the primary defect and 
spares future morbidity from systemic oxalosis.  Pre-emptive OLT has been undertaken 
when early but progressive renal disease is present, acknowledging possibility of renal 
transplantation being required later in life (46-48).  Combined liver-renal transplantation is  
considered in affected children with severe or established renal failure (49).  However 
increased peri and postoperative risks from systemic oxalosis disease, and recurrence of 
renal oxalosis in a grafted kidney clearing mobilised oxalate post-transplant may be 
associated (50).  A staged approach to arrest hepatic oxalate production may be used in 
severe ESRD, small infants with severe renal or systemic disease, or in the circumstance of 
limited timely graft availability (49).   
 
A promising RNA interference therapy, lumasiran, may abate or delay need for 
transplantation in primary hyperoxaluria in future.  This targets glycolate oxidase, the 
enzyme involved in oxalate production, and was approved by the USA FDA in 2020 (51).   
Clinical trials have demonstrated more than 50% decrease in urinary oxalate with lumasiran 
used in affected children (52, 53). Study of other further experimental therapies is 
underway.   
 
Crigler-Najjar Syndrome 
Crigler-Najjar syndrome (CNS) is a rare disease resulting from partial (type 2) or complete 
(type 1) loss of uridine 5′-diphosphate glucuronyltransferase activity.  This results in a severe 
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unconjugated hyperbilirubinaemia which, particularly in type 1 CNS, can lead to kernicterus 
and neurological injury in up to 40% (63).  Liver transplantation is currently the only viable 
cure for CNS1, and 10 year post transplantation survival rate of 96% has been described in a 
small cohort of children (63).  
 
EXTRA-HEPATIC METABOLIC LIVER DISEASE 
Associated structural liver disease  
Mitochondrial disorders 
Mitochondrial disorders are rare conditions of abnormal mitochondrial structure or 
function,resulting from mutations in genes encoded by nuclear or mitochondrial DNA (64).  
Disrupted electron transport (respiratory chain) or other mitochondrial pathways manifest 
as heterogenous, multi-system phenotypes.  Organs with high aerobic energy requirements 
and a density of mitochondria are commonly involved; including brain, liver, skeletal muscle, 
gastrointestinal tract and bone marrow (64).  Disorders with primary dysfunction of 
hepatocyte mitochondria, resulting in hepatocyte injury and liver failure, are termed 
mitochondrial hepatopathies (64, 65).  
 
Liver transplantation for treatment of mitochondrial hepatopathies remains controversial.  
Traditionally, these disorders have been considered a transplantation contraindication, 
given multi-system involvement with poor outcomes that outweigh any post-transplant 
benefits (66).  This can result in clinical conundrums in paediatric acute liver failure, when 
transplant-related decisions may be required for a child prior to a mitochondrial 
hepatopathy diagnosis being made (67, 68).  If an index of suspicion for mitochondrial 
disease exists in this setting, rapid but thorough genetic, clinical and imaging evaluation 
should be undertaken [Figure 1] (3).   
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Predominantly single-centre experiences of OLT for mitochondrial disorders have described 
positive outcomes in very select settings and patient groups.  It is proposed that patients 
with primary hepatopathies or single-gene defects without neurological involvement, may 
experience improved disease trajectory post transplantation, however more data is 
required.  is the major caveat to this approach is that extra-hepatic disease may not become 
apparent until after transplant, causing subsequent morbidity and mortality mitigating any 
post-transplant benefits (66, 69).  This raises ethical issues in the setting of scarce organ 
availability, if post-transplant survival is only 50% across case series (3, 64, 65). 
 
 
 
Mitochondrial DNA depletion syndromes (MDS), caused by POLG or other mutations, 
present with early, acute liver disease and are generally associated with poor prognosis and 
progressive neurological worsening (64, 65, 74).  Increased reports of OLT experience in 
patients with MDS as a result of  MPV17, DGUOK and TRMU mutations have been described 
in recent years, with both positive and poor outcomes (Table 2).  However overall survival in 
this group post OLT Is proposed to be 41.7% (75).  
 
Table 2: OLT in Mitochondrial DNA depletion syndromes  
 
Mitochondrial hepatopathy  Reported survival outcomes in case series 
DGUOK (deoxyguanosine kinase deficiency) • 0/3 children survived post OLT  (76) 

• 2014- 2/2 children survived post OLT at 
5 years (77) 

• 0/3 children survived post OLT (75) 
• 1/2 children survived at 3 years post 

OLT (mild neurological impairment in 
survivors) (78) 

MPV17 (mitochondrial inner membrane 
protein 17)  

• 3/6 children survived post OLT at 2 
years (minimal neurological deficits in 
survivors) (68) 

• 9/20 children survived post OLT (follow 
up time frame variable).  Possible role 
of milder mutation phenotypes in 
survivors (75)   

• 7/9 children survived post OLT at 
median follow up 17 months (79) 

TRMU (transient infantile liver failure) • 2/2 children survived post OLT at 5 year 
follow up.  1 with no neurological 
involvement and 1 with minor deficits 
(68) 

 
Mitochondrial neurogastrointestinal encephalomyopathy (MNGIE) results from a single 
gene defect encoding thymidine phosphorylase production in the liver, causing 
dysfunctional mitochondrial DNA replication (70).  Manifestations include gastrointestinal 
disease (often chronic pseudo-obstruction) and neurological dysfunction.  Haemopoietic 
stem cell transplantation has been effective in achieving some functional recovery, but is 
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associated with high mortality.  Case- reports of experience with liver transplantation in 
MNGIE suggest rapid biochemical and clinical improvement in some children, implying a 
select group without significant neurological compromise may benefit (71, 72).  Positive 
post OLT outcomes have also been described in ethylmalonic encephalopathy, suggesting a 
role for this approach early in infancy prior to evolution of irreversible neurological damage 
(73). 
 
Ongoing experimental efforts to explore novel therapies, including gene therapy, may be 
key in future care of monogenic mitochondrial hepatopathies (80).  These may enable OLT 
to be a more viable option in future practice. 
 
Glycogen storage disease  
Glycogen storage diseases (GSDs) are inborn errors of carbohydrate metabolism resulting in 
abnormal storage of glycogen in liver, muscle and/or other tissues.  Glycogen storage 
disease type 1a and 1b (GSD 1a and G1b) are caused by defects in the glucose-6-transporter 
and glucose-6-phophatase complex (81).   In addition to fasting intolerance and liver 
disease; hyperuricaemia and progressive renal dysfunction are prominent (81). Liver 
nodules, including hepatic adenomas and focal nodular hyperplasia may develop, and are 
vulnerable to malignant transformation later in life (82, 83).  GSD type 1b is further 
associated with neutropaenia, neutrophil dysfunction and an inflammatory bowel disease 
like phenotype (81, 84). Liver transplantation may be considered in GSDI patients with 
multifocal liver lesions, poor metabolic control or to prevent long-term complications (3, 82, 
85).  OLT corrects liver disease and metabolic dysfunction, with good patient and graft 
survival (3, 85-88).  However extrahepatic disease remains uninterrupted post OLT.  
Progressive renal dysfunction can be seen, likely in part exacerbated by transplant related 
immunosuppression (81, 84).  This may be less significant in children with a history of good 
metabolic control prior to transplant (89).  Hyperuricaemia may also persist (88).   
Pre-emptive combined liver and renal transplant has been performed in the setting of pre 
transplant renal disease (90). Neutropaenia and gastrointestinal disease in GSD1b persists 
post OLT but is generally described to be milder (82, 84, 91).  Although sustained metabolic 
improvement has been described in a case post hepatocyte transplant in GSD1a (92) 
therapeutic effects have generally been short-lived in this setting (81, 93, 94).   
 
Glycogen storage disease type III is caused by a debrancher enzyme deficiency, resulting in 
accumulation of glycogen with short outer chains in liver and muscle tissue and fasting 
intolerance (95).  In contrast, deficiency of branching enzyme in glycogen storage disease 
type IV results in unbranched glycogen with long outer chains accumulating in tissue (84, 
96).   Liver dysfunction including evolution to cirrhosis, cardiac and neuromuscular effects 
can be seen in both disorders.  GSDIV has a widely variable phenotype across 
neuromuscular forms,  progressive and non-progressive hepatic subtypes (91, 96).  
Genotype-phenotype correlation remains unclear (82).  Careful selection of liver 
transplantation candidates is necessary given possible life-limiting extrahepatic 
manifestations, and acknowledgement that cardiomyopathy and myopathy may still evolve 
over time post OLT (84, 91, 96).  Transplantation for progressive liver disease in GSD VI and 
IX is rarely needed (97). 
 
No structural liver disease 
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Organic acidaemias (inc MSUD) 
Organic acidaemias (OA) are inborn errors of metabolism resulting in increased urinary 
organic acid excretion and multi-system  accumulation of toxic intermediary metabolites 
(98, 99). OA commonly present in infancy with encephalopathy after an initial asymptomatic 
period (98, 100).  Other forms may present later in childhood with developmental delay or 
learning difficulties, psychiatric symptoms, ataxia or recurrent ketosis.  Metabolic crises may 
be induced by catabolic states, such as in prolonged fasting and during intercurrent illnesses 
(99).   
 
OLT is an established treatment consideration in children with the most common organic 
acidaemias.  However this approach does not result offer complete metabolic cure, with 
persistence of the OA defect expressed in extra-hepatic tissues (17).  OLT may however 
stabilise metabolically fragile patients, offering increased quality of life over a longer 
lifespan and net decreased health care costs (98, 101). As such decision for OLT needs to be 
individualised, as patients remain at risk of transplant-related morbidity and mortality and 
progression of defect related sequelae (17).   OLT is most often indicated in affected 
children who experience metabolic decompensations despite medical therapy (17).  Growth 
restriction or marked impairment of quality of life are also recognised indications (66).   
Optimisation of renal, cardiac and neurological OA comorbidities prior to transplant is 
essential.  Well-designed fasting and procedural protocols should be adopted in the pre and 
perioperative liver transplantation period to prevent intra-procedural decompensation, and 
use of renal sparing immunosuppression protocols (16, 102).  Perioperative vascular and 
long-term graft complications may be more common in this group (11, 17, 98).  However 
long-term survival is generally favourable at over 80% (17, 98, 103).   
 
In methylmalonic acidaemia (MMA) specifically, hyperammonaemic crises and progressive 
renal disease are seen, with established kidney disease often seen by late childhood.  Basal 
ganglia infarctions are associated (104).  Neutropaenia is seen in 30% (105). Post OLT, 
frequency of metabolic crises may reduce, with improvement in quality of life.  However, 
continued need for dietary restriction and progression of renal and neurological disease is 
possible (17).  Stroke post OLT is possible (106).  Liver transplantation  is ideally performed 
prior to renal impairment (eg glomerular filtration rate >50ml/min/m3), to avoid a need for 
combined renal and liver grafts.  Patients with moderate kidney disease in MMA may 
benefit from combined transplantation, rather than renal transplantation in isolation, 
however further data is required (104, 107). 
 
Propionic acidaemia (PA)  is associated with cognitive impairment from metabolic 
accumulation events, neutropaenia, pancreatitis and cardiomyopathy / prolonged QT (104, 
105).  Renal impairment may be less prominent than seen in MMA.  OLT for PA essentially 
eliminates risk of metabolic crises, and unlike in MMA; liberalisation of dietary protein 
restriction is more commonly achievable post-operatively (11, 103).  Stabilised or reversal of 
cardiomyopathy post OLT has been described (11, 108), however persistent arrythmias 
including prolonged QT and risk of cerebrovascular accident should be assumed (17). 
Neutropaenia  tends to persist post OLT, requiring monitoring and follow-up (105).  
 
Classical maple syrup urine disease (MSUD) is a severe OA resulting in intolerance of 
branched chain amino acids, from mitochondrial deficiency of branched-chain keto acid 
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dehydrogenase enzyme complex (BCKDH).  Despite aggressive dietary approaches, labile 
and often unpredictable metabolic crises may still ensue, and neurotoxic accumulation can 
result in life-threatening cerebral oedema and cumulative neurological damage (109).  
Children highly vulnerable to metabolic decompensation, particularly those with MSUD 
intolerant of <15-30mh/kg/day leucine, should be considered for OLT (66, 110, 111).   OLT 
eliminates need for dietary restriction and metabolic decompensation risk, however many 
affected children have established neurodisability heading into transplant (111, 112).   Living 
related donors with heterozygous MSUD mutations should be avoided (7).  Explanted livers 
of patients affected by MSUD can be safely tolerated in non-MSUD patients due to presence 
of functional BCKDH in non-hepatic tissues (113-116).   

 
 

FUTURE DIRECTIONS 
Domino transplantation 
Use of explanted liver for another recipient unaffected by the donor condition, is referred to 
as domino transplantation.  Although this strategy could mitigate effect of transplantation 
for IEM on transplant donor pools, its feasibility is limited to well-resourced centres given 
the logistics, planning and parallel operating required.   Use of domino transplantation 
should be limited to conditions where a defect is not anticipated to be expressed in 
recipients.  MSUD is an established indication in children, with good long term outcomes 
and no additional operative risks described (114, 117).  In recipients receiving a donor 
explanted liver from an individual with MSUD, subclinical decreased leucine oxidation is 
reported without development of MSUD clinical phenotype post-transplant (114).  Although 
domino transplantation has been tried using explanted livers from patients with other 
metabolic conditions, including methylmalonic acidaemia and familial 
hypercholesterolaemia (118); there is insufficient evidence on safety and long-term 
outcomes.   
 
Auxilary transplantation 
Auxiliary transplantation involves part of a donor graft being placed alongside remaining 
native liver in vivo.  This may be considered in children with no primary liver disease as part 
of their IEM, when partial enzyme correction is anticipated.   Historically the premise of 
auxiliary transplantation in children with inherited metabolic conditions was as a bridge to 
future gene therapies (119).  In this circumstance, withdrawal of immunosuppression is 
known to result in involution of donor liver portion and regeneration of native hepatocytes 
without sequelae.  Patient (90%) and graft (70%) 5 year survival was similar to a traditional 
orthotopic approach in a retrospective series of children with metabolic liver disease (18).  
Given technical surgical complexity, challenges in approach to immunosuppression and 
monitoring function of the partial graft, balanced and careful selection of recipients suitable 
for auxiliary transplantation is necessary.   An established indication for auxiliary 
transplantation has been Crigler-Najjar syndrome type 1 (120, 121).   In this setting, less 
than 12% enzyme correction is sufficient to  clear hyperbilirubinaemia resultant from 
defective uridine diphosphate glucoronosyl transferase in hepatocytes (122).  Auxiliary 
transplantation in patients affected by urea cycle defects and in propionic acidaemia has 
been described, but remains controversial (119, 123, 124). 
 
Domino auxiliary partial orthotopic liver transplantation  
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Cross-domino auxiliary transplant, in which liver segments are effectively exchanged 
between children with different metabolic conditions, remains theoretical (119).  The 
explanted liver of a child affected by propionic acidaemia (receiving living related donor 
organ) has been used as an auxiliary graft in a child with Crigler-Najjar, with effective 
clearance of hyperbilirubinaemia and no manifestations of PA seen in the recipient (125).  
This may only be feasible in larger, well-resourced centres with a larger number of patients 
with non-cirrhotic metabolic liver disease awaiting liver transplant (126).  Long-term safety 
of an implanted graft with a metabolic defect needs to be considered. 
 
Hepatocyte transplantation 
Hepatocyte transplantation involves injection of viable hepatocytes from a donor (deceased, 
living, or preserved) into a patient, where they may become functional on uptake in  
recipient liver tissue (127, 128).  Theoretically this method, first described in humans in 
1992 (129), could offer minimally invasive alternate to orthotopic liver transplantation.  
However the vast majority of children with metabolic liver disease have required liver 
transplantation within months of this approach (130).  In some settings, this could be useful 
in children with severe defects as a bridge to OLT in the future.  Hepatocytes have low 
proliferative capabilities in vitro, and despite experimental pre-conditioning approaches to 
enhance liver proliferation, including radiation, partial hepatic resection and portal vein 
embolization; effects are often short-lived (131, 132).  Other challenges include poor 
cryopreservation and donor availability. Immunosuppression and detection of cellular 
rejection contributing to allogenic hepatocyte demise is a further challenge (131, 133).  
Alginate encapsulation of hepatocytes, facilitating a semipermeable barrier to transplanted 
cells, may be a promising method to avoid immune activation and rejection (130, 134).    
 
Hepatocyte stem cell transplantation & gene therapies 
Hepatocyte stem cell techniques are emerging.  Spada et al recently described the use of 
human liver stem-like cells injected in the first month of life in an infant with arginosuccinic 
aciduria and two infants affected by methylmalonic aciduria (135).  Marked metabolic 
stability compared to age-matched affected infants without adverse effects or need for 
immunosuppression was described, before eventual need for OLT.  Ethical issues may be 
prohibitive for the use of embryonic stem cells which have the greatest differentiation 
potential.  Induced pluripotent stem cells (iPSCs), mature cells reprogrammed into an 
embryonic state, carry similar ethical concerns with additional oncogenic safety risks (136).  
Mesenchymal stromal cells (MSC), a subtype of adult fibroblast-like cells originating from 
bone marrow, synovial membrane, adipose, heart, cartilage, liver, Wharton jelly of umbilical 
cord and placenta are an increasing area of interest  (130).  They too have a high 
proliferative capacity, exhibit anti-fibrotic properties, immunomodulatory effects on both 
innate and adaptive immunity, and (incomplete) hepatocyte-like differentiation potential 
(130, 136).  Clinical trials involving use of MSC targeting a range of adult immune-mediated 
or fibroinflammatory diseases continue to progress.  Autologous transplantation of MSC or 
iPSCs could offer an exciting approach for inherited metabolic disease in the future.   
 
The arrival of gene therapies has been long-awaited in many inherited paediatric metabolic 
conditions.  However application of many of these emerging therapies remains in animal 
model experimental settings; including viral and nonviral vectors, and gene editing 
technologies.   Adenovirus-associated viral vectors are one of the more common approaches 
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being explored, offering potential liver specificity, low pathogenicity, lack of integration into 
host genome and relatively mild immune response.  As successfully established in primary 
oxalosis, other promising new treatment approaches may target RNA interface (137).   
Inherited metabolic liver disease with hepatic and extra-hepatic involvement may pose a 
significant challenge to cure, in theory requiring systemic or multiple gene therapy 
approaches. 

 
Conclusion 
Liver transplantation remains a profoundly impactful treatment option in children with both 
severe life-threatening metabolic conditions, but also in improving quality of life and 
enabling long-term neurodevelopmental protection in others.  Increased multi-disciplinary 
experience in transplantation of children with IEM has resulted in excellent long-term 
outcomes.  Each patient requires an individualised assessment, a strong multidisciplinary 
approach and an open mind to emerging  evidence-based treatments.   
 
 
Data statement 
Data sharing not applicable to this article as no datasets were generated or analysed during 
the current study 
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