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Monogenic diseases that can be cured by liver transplantation
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Summary examples of different transplantation strategies, driven by the
While the prevalence of most diseases caused by single-gene
mutations is low and defines them as rare conditions, all
together, monogenic diseases account for approximately 10 in
every 1000 births according to the World Health Organisation.

Orthotopic liver transplantation (LT) could offer a therapeutic
option in monogenic diseases in two ways: by substituting for an
injured liver or by supplying a tissue that can replace a mutant
protein. In this respect, LT may be regarded as the correction of
a disease at the level of the dysfunctional protein. Monogenic dis-
eases that involve the liver represent a heterogeneous group of
disorders. In conditions associated with predominant liver paren-
chymal damage (i.e., genetic cholestatic disorders, Wilson’s dis-
ease, hereditary hemochromatosis, tyrosinemia, a1 antitrypsin
deficiency), hepatic complications are the major source of mor-
bidity and LT not only replaces a dysfunctional liver but also cor-
rects the genetic defect and effectively cures the disease. A
second group includes liver-based genetic disorders character-
ised by an architecturally near-normal liver (urea cycle disorders,
Crigler-Najjar syndrome, familial amyloid polyneuropathy, pri-
mary hyperoxaluria type 1, atypical haemolytic uremic syn-
drome-1). In these defects, extrahepatic complications are the
main source of morbidity and mortality while liver function is
relatively preserved. Combined transplantation of other organs
may be required, and other surgical techniques, such as domino
and auxiliary liver transplantation, have been attempted. In a
third group of monogenic diseases, the underlying genetic defect
is expressed at a systemic level and liver involvement is just one
of the clinical manifestations. In these conditions, LT might only
be partially curative since the abnormal phenotype is maintained
by extrahepatic synthesis of the toxic metabolites (i.e., methyl-
malonic acidemia, propionic acidemia).

This review focuses on principles of diagnosis, management
and LT results in both paediatric and adult populations of
selected liver-based monogenic diseases, which represent
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Introduction

Many human diseases have a genetic basis. Some of these are
attributed to chromosome abnormalities or mutations at multi-
ple loci, while a significant number are caused by mutations of
a single gene. According to the Online Mendelian Inheritance in
Man database (OMIM), as of March 2013, 3730 phenotype
descriptions with known molecular basis have been reported
[1]. While each of these conditions is relatively rare, if consid-
ered all together, monogenic diseases affect a substantial pop-
ulation, estimated by the World Health Organisation to amount
approximately to 10 out of 1000 births [2]. These conditions
affect an important portion of the world population that
requires special health care [3–5] and they represent a frequent
cause of mortality, especially in the paediatric population [6,7].
Management of monogenic diseases

The ideal goal of treatment for monogenic diseases is to revert a
harmful phenotype to the normal state. Substantial progress has
been made over the past six decades in this direction, beginning
with the first report of successful dietary control of phenylketon-
uria in the early 1950s. Examples of treatments approach of
monogenic diseases include dietary prescriptions, pharmacologic
interventions to allow alternative pathway excretion of toxic
metabolites, oral replacement of enzymatic cofactors, use of che-
lation to enhance excretion. When a monogenic disorder is
caused by enzyme deficiency or dysfunction, enzyme replace-
ment therapy (ERT) represents a viable option. Firstly success-
fully used in Gaucher disease, ERT has been developed for the
treatment of other monogenic diseases. However, ERTs are
usually extremely expensive treatments, and their real
cost–effectiveness has been questioned [8]. A more definitive
approach would be the gene therapy, whose application is still
strongly limited by the difficulty to devise efficient delivery
systems to allow local transfer and expression of the therapeutic
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gene in the target organ or tissue. Severe combined immunodefi-
ciency was the first condition to be successfully treated by gene
therapy [9], showing that this approach is feasible although tech-
nical limitations have emerged and ethical issues have been
raised, suggesting that wider implementation of gene therapy
is still far from being a present day option [10]. In the mean-
time, organ transplantation remains the standard therapy for a
variety of life-threatening monogenic diseases, offering either a
curative approach or an improvement in the quality of life.
Monogenic diseases that involve the liver represent a heteroge-
neous group of disorders (Table 1). Some conditions are charac-
terised by liver parenchymal damage and hepatic injury. A
second group includes liver-based genetic disorders character-
ised by a structurally normal liver. In these diseases, genes
encoding enzymes that allow the regulation of complex meta-
bolic pathways or circulating proteins mainly produced by the
liver are involved. Extrahepatic complications are the main
source of morbidity and mortality, while liver function is rela-
tively preserved. The replacement of a defective protein-pro-
ducing liver with one producing the wild type (normal)
protein may treat or rather prevent the systemic manifesta-
tions. Combined transplantation with other organs may be
needed [11]. In a third group of monogenic diseases, the
genetic defect is expressed at a systemic level and liver
involvement is just one of the clinical manifestations. In these
conditions, liver transplantation (LT) is not curative since the
abnormal phenotype is partially maintained by extrahepatic
synthesis of the toxic metabolites. Discussing all types of
monogenic disorders amenable to LT is beyond the purpose
of this review. We therefore chose to focus on selected mono-
genic diseases that represent examples of different transplanta-
tion strategies driven by the understanding of the phenotypic
expression of the genetic defect. The European Liver Transplant
Registry and Bergamo experiences in LT for monogenic diseases
are shown in Fig. 1.
Table 1. Examples of monogenic diseases in which liver transplantation has been prop

Monogenic diseases with primary hepatic expression and parenchymal d
Genetic cholestasis (PFIC and Alagille syndrome)
Wilson’s disease
Hereditary hemochromatosis
Tyrosinemia type 1

-1-antitrypsin deficiency

Monogenic diseases with primary hepatic expression without significant 

α
Argininosuccinic aciduria (ASL)
Glycogen storage disease (GSD) type I (adenoma/hepatocellular car

Urea cycle disorders (excepted ASL) 
Crigler-Najjar syndrome
Familial amyloid polyneuropathy
Atypical haemolytic uremic syndrome-1 
Primary hyperoxaluria type 1
Maple syrup urine disease (MSUD)
Acute intermittent porphyria 
Coagulation defects 
GSD type Ia (in metabolic control)
Homozygous familial hypercholesterolemia

Monogenic diseases with both hepatic and extrahepatic expression
Organic acidurias (excepted  MSUD) 
Cystic fibrosis
Erythropoietic protoporphyria
Gaucher disease 
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Monogenic diseases with primary hepatic expression and
parenchymal damage

In this group of monogenic disorders, the defect is solely
expressed within the liver, which is also the organ primarily
injured. When manifestations of acute, sub-acute, or chronic liver
failure become evident, orthotopic LT not only replaces a dys-
functional liver but also corrects the genetic defect and effec-
tively cures the disease. The role of LT for this group of
monogenic disorders is well established.
Genetic cholestatic disorders

Genetic cholestatic disorders are inherited syndromes that result
from mutations in the following genes: JAG1 (causing Alagille
syndrome), ATP8B1 (also known as FIC1), ABCB11 (BSEP), and
MDR3 (ABCB4). These disorders represent a common and well
established indication to LT, are extensively discussed elsewhere,
and therefore will be touched upon only for the most relevant
aspects as far as LT is concerned.

PFIC
Progressive familial intrahepatic cholestasis (PFIC) is a group of
genetic cholestatic disorders presenting in children and often
requiring LT during the paediatric age. PFIC includes three major
conditions characterized by defective secretion of bile acids or
other bile components into the bile canaliculus. The estimated
prevalence of PFIC varies between 1/50,000 and 1/100,000 births.
Three types of PFIC have been identified. PFIC1 and PFIC2 are
caused by impaired bile salt secretion due respectively to defects
in ATP8B1 encoding the FIC1 protein, and in ABCB11 encoding the
bile salt export pump protein (BSEP). They are characterized by
infantile presentation with jaundice, pruritus and failure to thrive
but low or normal c-glutamyltransferase (GGT) activity.
osed, classified according to the extent of either liver or systemic dysfunction.

amage

parenchymal damage
cinoma) 
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Fig. 1. ELTR and Bergamo experiences in adult and paediatric in LT for monogenic diseases: ELTR (1968–2010) and Bergamo (1998–2012). a1ATD, alpha1 anti-trypsin
deficiency; CF, cystic fibrosis; CN1, Crigler Najjar type 1; FAP, familial amyloid polyneuropathy; GSD, glycogen storage disease; HH, hereditary haemochromatosis; HUS,
haemolytic uraemic syndrome; OA, organic acidurias; PH, primary hyperoxalurias; PFIC, progressive familial intrahepatic cholestasis; UCD, urea cycle disorders; WD,
Wilson’s disease.
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PFIC3 tends to present later in childhood, is caused by a defect
in ABCB4, encoding the multi-drug resistant 3 protein (MDR3),
that leads to impaired biliary phospholipid secretion resulting
in severe cholestatic disorder with raised GGT activity and early
development of severe portal hypertension. [12].

PFIC is a well-established indication for LT, which is per-
formed most commonly for end-stage liver disease (ESLD) or pru-
ritus with very good results [13]. However, some patients with
PFIC2 may require LT because of the early occurrence of hepato-
cellular carcinoma (HCC). In this setting, HCC has been shown to
have a favorable course even when the child is transplanted out-
side the Milan criteria [14]. LT is generally curative for patients
with PFIC. However, patients with PFIC1 may have ongoing dis-
ease due to the extrahepatic expression of FIC1 protein, such as
Journal of Hepatology 201
failure to thrive, chronic diarrhea with malabsorption, and liver
steatosis [15].

Alagille syndrome
Alagille syndrome (AS) is a disease hallmarked by the paucity of
interlobular bile ducts that determines the development of severe
cholestasis with pruritus and progression to a biliary type of cir-
rhosis [16]. The syndrome is characterised by the following asso-
ciated features: cardiac anomalies (85% of cases); butterfly
vertebrae (87%); posterior embryotoxon of the eye (88%), dys-
morphic facial features with broad nasal bridge, triangular face
and deep set eyes (95%). Patients with AS often demonstrate
abnormalities of the arteries predisposing to arterial vascular
accidents, including a higher incidence of strokes [17]. The
3 vol. 59 j 595–612 597
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syndrome is inherited in an autosomal dominant fashion with
variable penetrance. Mutations in the JAG-1 gene are responsible
for Alagille syndrome in more than 90 percent of patients; others
have mutations in NOTCH-2.

A study by Lykavieris in 163 patients with AS has shown that
transplant free survival is significantly worse in those who pres-
ent with neonatal cholestatic jaundice as compared to those who
develop jaundice later in life [18]. Cardiac malformations (such as
pulmonary artery stenosis, pulmonary vascular hypoplasia, pul-
monary atresia, tetralogy of Fallot, and truncus arteriosus) should
be carefully evaluated and treated before LT since they can
severely affect the outcome.

Post-LT survival in children transplanted for AS is lower com-
pared to those transplanted for biliary atresia, the most common
indication to LT in the paediatric age (1-year patient survival 87%
vs. 96%). A comprehensive assessment of the status of cardiac,
renal, and vascular co-morbidities by a multidisciplinary team
is mandatory before listing a patient with AS for LT [19].

Wilson’s disease

Wilson’s disease (WD) is a rare inherited autosomal recessive
copper storage disease that has a prevalence of about 1 in
30,000 people, with a carrier rate of 1 in 90 [20]. The copper accu-
mulation occurs primarily in the liver, though toxic concentra-
tions may also be found in other organs, mainly brain, cornea
and kidney (Table 2) [21]. In children, WD is often diagnosed in
the preclinical phase, unravelled by chance following the detec-
tion of raised aminotransferase, or as part of screening of families
with an affected first degree relative. In older children and in
adults, WD presents with three predominant scenarios that
may indicate LT: (a) acute presentation characterised by acute
liver failure, haemolysis and renal failure; (b) sub-acute liver dis-
ease; (c) chronic liver disease characterised by progression to
ESLD, with neuropsychiatric manifestation that might or may
not precede the clinical development of hepatic insufficiency
[22]. The diagnosis is based on a combination of clinical features
(Table 3) [23]. The disease can be successfully treated when iden-
tified at an early stage, thus preventing complications [24]. The
goal of therapy is to reduce copper accumulation either by
enhancing its urinary excretion or by decreasing its intestinal
absorption. The available medical treatments are copper-chelat-
ing agents (penicillamine, trientine, tetrathiomolybdate) or zinc
salts (through the block of intestinal copper absorption)
[25–28]. Patients presenting with acute liver failure (ALF) and
most cases of severely decompensated liver disease cannot ben-
efit from medical treatment and bear a very high mortality rate,
therefore LT is the only option. Dhawan et al. [29] have proposed
a score predictive of death or transplantation in ALF presenting
patients that was prospectively validated both in children and
in adults (Table 4). In patients with disease progression under
medical treatment, LT must be considered after ruling out insuf-
ficient drug dosage or non-compliance. Indication and timing
should follow the common criteria adopted for evaluating ESLD.
Survival rates after LT for WD are excellent (Table 5) [30–35].
Although LT corrects the underlying copper metabolism defect,
whether or not LT is indicated in patients with predominantly
neurologic manifestations is controversial. From a pathophysiol-
ogy point of view, the removal of copper from the brain should
avoid further cerebral damage, however, existing cerebral dys-
functions usually do not resolve before approximately 6 months
598 Journal of Hepatology 201
post-LT [36]. In 56–77% of the cases, complete recovery is possi-
ble [31,37]. However, severe worsening has been documented
after LT and the survival in the presence of combined neuropsy-
chiatric manifestations is significantly lower than that of recipi-
ents with sole liver disease. Therefore, in LT candidates
presenting with the combination of ESLD and severe neuropsy-
chiatric symptoms, a thorough specific neuropsychiatric evalua-
tion is mandatory [31,37,38].

Living donor LT from eterozygous-carrier relatives represents
a safe and effective option particularly in children with ALF [39].
Good survivals with persistent normalization of copper metabo-
lism in the long-term have been reported [40].

Hereditary hemochromatosis

Under the term hereditary hemochromatosis (HH) are included
several inherited disorder of iron metabolism, characterised by
enhanced intestinal absorption of dietary iron [41]. The preva-
lence of HH is about 0.5% with a carrier frequency of approxi-
mately 10% [42–44]. Four types are currently identified
according to the involved gene mutation (Table 2). Type 1 is by
far the most common and most well defined form of HH in the
western countries, it is secondary to the homozygosis for the
C282Y HFE gene and it corresponds to classical HH phenotype.
The other types are rarer and less known genetic conditions
involved in the regulation of iron homeostasis. All mutations
are autosomal recessive, except for type 4, which is inherited as
autosomal dominant. Types 1, 3, and 4 manifest in adulthood
and usually during the fourth or fifth decade of life, whereas
the clinical onset of type 2 occurs earlier, in the second or third
decade, with a much more severe phenotype. Indeed, in type 2,
endocrine and cardiac involvement is paramount, and heart
failure is a frequent cause of death before the age of 30 years
[42–45].

The specific role of the liver in HH was not clear for a long
time. The iron-regulatory peptide-hormone hepcidin has been
recently identified as the missing link between the liver and
intestine in the pathogenesis of iron accumulation. It is now
widely accepted that the primary defect of HFE-associated HH
is within the liver. Isolated cases of inadvertent transplantation
of a liver from an HH donor were reported: progressive iron over-
load has been shown to occur within the second year post-LT, as
assessed by liver biopsy and extensive iron studies documented
the absence of a secondary cause of iron overload, supporting a
primary role of liver rather than small intestine in the regulation
of iron homeostasis in HH [46].

Increased intestinal iron absorption causes iron overload as a
result of uptake of non-transferrin bound iron from hepatocytes,
miocytes, and endocrine gland cells. Without therapeutic inter-
vention, iron overload leads to multiple organ damage, involving
primarily the liver and subsequently heart, pancreas, gonads,
skin, and joints: the clinical manifestations are cirrhosis, cardio-
myopathy, diabetes, arthritis, hypogonadism, and skin pigmenta-
tion. Iron overload cardiomyopathy (IOC) is rare in type 1 HH but
evident in as much as one third of the type 2 juvenile cases and is
characterised by the development of diastolic left ventricular (LV)
dysfunction with restrictive filling or LV remodelling with heart
chamber dilatation and reduced LV ejection fraction [47].

Transferrin saturation is widely considered the preferred
screening test. Liver biopsy with tissue iron quantification used
to be the gold standard for the diagnosis of HH before HFE
3 vol. 59 j 595–612



Table 2. Examples of diseases amenable to OLT as surgical gene therapy.

Disorder Gene 
symbol

Inherit-
ance

Mechanism of disease Deficient enzyme
specificity°
Tissue Liver features Clinical features

Wilson’s disease ATP7B AR Accumulation of intracellular 
hepatic copper

Copper-transport 
P-type ATPase

Liver, kidney Hepatomegaly, acute liver 
failure hepatitis, cirrhosis, 
hepatic coma

Neuro-psychiatric abnormalities

Hereditary 
hemochromatosis

Type1 HFE AR Involved in hepcidin synthesis 
via BMP6, interaction with 
TFR1

Hemochromatosis 
modifier (C282Y
H63D)

Expressed in all 
tissues tested 
except brain

Hepatomegaly
Cirrhosis 
Hepatocellular carcinoma

Arthropathy, skin pigmentation, liver damage, 
hypogonadism, diabetes, endocrine 
dysfunction, cardiomyopathy

Type 2A JH AR Involved in hepcidin synthesis, 

Down regulation of iron efflux
BMP co-receptor

Hemojuvelin Like HFE with onset <30 years old

Type 2B HAMP AR
from enterocytes

Hepcidin Hypogonadism and cardiomyopathy more 
prevalent

Type 3 TFR2 AR Involved in hepcidin synthesis, 
interaction with transferrin

Transferrin 
receptor 2

As for type 1

Type 4 SLC40A1 AD Altered duodenal iron export Ferroportin Low tolerance to phlebotomies, anaemia
Tyrosinemia 
type 1

FAH AR Lack of tyrosine degradation Fumarylaceto-
acetate hydrolase 
(FAH)

Liver, kidney Hepatomegaly, acute liver 
failure, cirrhosis, hepato-
cellular carcinoma

Secondary renal tubular dysfunction 
(hypophosphatemic rickets), episodic
weakness, self-mutilation, seizures

α-1 antitrypsin 
deficiency 

deficiency 

deficiency 

deficiency 

PI AR Lack of inhibitory action 
against neutrophil elastase

Protease inhibitor Plasma Cirrhosis
Hepatocellular carcinoma

Emphysema, which becomes evident by the 
third to fourth decade

Urea cycle 
disorders

NAGS NAGS AR

Error of metabolism of the urea 
cycle with ammonia production

N-acetyl 
glutamate 
synthetase

Liver, intestinal 
mucosa

Near normal liver 
architecture in acute 
presentation.

Hepatomegaly,
fibrosis, cirrhosis
in late-onset cases

failure to thrive,  hyperammonemia (due to  
Somnolence, tachypnea, feeding difficulties,

high-protein diet or febrile illness)
CPS I CPS AR Carbamoyl 

phosphate 
synthetase

Protein intolerance, intermittent ataxia, 
seizures, lethargy and mental retardation

OTC OTC XR Ornithine 
transcarbamylase

Severe neonatal hyperammonemic coma in 
hemizygote males

Arginino-
succinic 
aciduria

ASL AR Argininosuccinate 
lyase

Mental and physical retardation, skin lesions, 
dry and brittle hair, convulsions, 
unconsciousness

Argininemia ARG AR Arginase Developmental delay, seizures, ataxia, mental 
retardation, hypotonia, spastic quadriplegia

Citrullinemia ASS AR Argininosuccinate 
synthetase

Lethargy, poor feeding, vomiting, seizures

Criggler Najjar 
syndrome

Type 1 UGT1A1 AR, AD Impairment of bilirubin
glucuronide conjugation

Uridine diphos-
phate glucorono-
syltransferase 

Liver Normal liver architecture Unconjugated hyperbilirubinaemia

Polyneuropathy,  autonomic insufficiency,
cardiomyopathy, renal insufficiency

TTR-familial 
amyloid 
polyneuropathy

TTR1-FAP TTR AD Deposit of insoluble protein 
fibrils in the extracellular matrix

Transthyretin Liver, retina, 
choroid plexus

Normal liver architecture

gastrointestinal disorders
Primary 
hyperoxaluria

Type I AGXT AR Calcium oxalate accumulation 
in tissues

Alanine-
glyoxylate-
aminotransferase

Liver Normal liver architecture Nephrolithiasis, renal failure

Atypical 
haemolytic uremic 
syndrome

aHUS1 CFH AR, AD Thrombotic microangiopathy, 
activation of the complement 
system

Complement 
factor H

Liver Normal liver architecture Acute renal failure, hypertension, neurologic 
abnormalities

OMIM, Online Mendelian Inheritance in Man (Adapted from Seashore 2009); AR, autosomal recessive; XR, X-linked recessive; AD, autosomal dominant.
�UniProt Consortium http://www.uniprot.org/.
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Table 3. Diagnosis of Wilson’s disease: tests and diagnostic score.

Test
Baseline 24-h urinary 
copper excretion 

>100 µg: WD very likely
Diagnostic confidence

40-100 µg: WD possible
<40 µg: WD very unlikely

24 h urinary copper excretion following penicillamine challenge 
(500 mg 12 h apart in the previous day)

>1600 µg/24 h: WD very likely
<500 µg/24 h: WD very unlikely

Serum copper Low in asymptomatic cases
High in active liver disease and haemolytic phase

Serum ceruloplasmine <0.2 g/L: WD very likely (95% of subjects)
>0.25 g/L: WD very unlikely

KF rings If present WD very likely (requires expert evaluation)
Liver copper >250 µg/g of dry weight: WD likely

<50 µg/g of dry weight: WD ruled out
Biochemical indices Raised AST, ALT, bilirubin, INR. Normal or low ALP

Haemolysis in acute phase/ALF
Confirmed diagnosis in homozygous or compound heterozygousMutations in ATP7B gene
subjects (more than 200 mutations)

Ferenci score
Liver copper (in absence of cholestasis) Serum ceruloplasmine

<50 µg/g (normal) -1 >0.2 g/L (normal) 0
<5 x ULN (50-250 µg/g) 1 0.1-0.2 g/L 1
>5 x ULN (250 µg/g) 2 <0.1 g/L 2

Rhodanine stain 
(in absence of quantitative liver copper determination)

Coomb’s negative haemolytic 
anaemia

absent 0 Present 1
present 1 Absent 0

Mutation analysis KF rings
2 chromosomes mutations 4 Present 2
1 chromosome mutation 1 Absent 0
no mutation detected 0

Urinary copper 
(in absence of acute hepatitis)

Neurologic symptoms

normal (<0.9 µmol/d or <100 µg/d) 0 Severe 2
1-2 x ULN 1 Mild 1
>2 x ULN 2 Absent 0
normal but >5 x ULN after penicillamine 2

Total score P4: diagnostic for WD.
Score P2 <4: ‘‘likely to have WD but more investigations to be performed’’.
Score <2: diagnosis of WD improbable.
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genotyping became available. After ruling out secondary causes of
iron overload, in the presence of elevated serum iron and ferritin
with transferrin saturation greater than 50%, HFE gene evaluation
is the preferred test to confirm the diagnosis of HH [48,49].

The first-line treatment of iron overload in HH is based on
phlebotomies. This treatment is simple, effective and safe [50].
In patients with evolution in ESLD despite iron chelation or
depletion, LT is the ultimate solution and can cure both the
genetic defect and liver disease [34,51,52]. In patients presenting
with severe ESLD as a result of HH, phlebotomies can rarely be
carried out, mainly due to hypersplenism-related anaemia or
haemodynamic instability. Overall, only a minority of HH
patients (approximately 1%) will eventually undergo LT [48]. Sev-
eral possible explanations can be found: (a) in the largest US mul-
ticentre study, the majority of patients undergoing LT with HH
were not identified prior to transplantation, highlighting that
the condition is underdiagnosed, mainly due to the confounding
fact that a great number of cirrhotic patients present elevated
600 Journal of Hepatology 201
serum iron and ferritin levels unrelated to HH; (b) the onset of
clinical manifestations usually occurs in the 4th or 5th decade
of life and progression to ESLD can eventually occur when
patients are beyond the age for LT; (c) these patients are at high
risk for HCC development (220-fold increase compared with the
general population) [53] with clinical onset often beyond eligibil-
ity criteria for LT, especially when the patient is not under regular
ultrasound follow-up because unaware of the condition.

An extensive cardiac evaluation prior to transplantation
should be performed in all HH candidates. However, cardiac com-
plications might occur despite extensive work-up and an ideal
evaluation algorithm has not been defined yet. HH patients with
severe cardiac dysfunction (NYHA class II) might benefit from a
combined heart and liver transplantation (CHLT) [54].

In most initial series, survival post-LT was significantly lower
among patients with HH [51,55,56] and in a large study from the
United Network for Organ Sharing (UNOS) database, LT recipients
with HH had a hazard ratio for death of 2.6 (p <0.002) after
3 vol. 59 j 595–612



Table 4. King’s College acute failure Wilson’s disease prognostic index.

Score Bilirubin
(mg/dl)

INR AST
(IU/L)

WBC
(x 109/L)

Albumin
(g/dl)

0 0-5.8 0-1.2 0-100 0-6.7 >4.5
1 5.9-8.8 1.3-1.6 101-150 6.8-8.3 3.4-4.4
2 8.9-11.7 1.7-1.9 151-300 8.4-10.3 2.5-3.3
3 11.8-17.6 2.0-2.4 301-400 10.4-15.3 2.1-2.4
4 >17.6 >2.4 >400 >15.4 <2.0

Adapted from Dhawan et al., 2005.
A score >11 points PPV 92% NPV 97% for death or OLT.
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adjustment for age, UNOS status, and year of transplantation [57],
probably as a result of inadequate patient selection. However,
recent studies showed that 3-month, 1- and 5-year survival rates
were 90%, 80.7%, and 74%, respectively, better than previously
reported (Table 5) [57–60]. The main causes of death after LT
are infections (45%) and cardiac complications (22%) [57,59]. A
review by Tung and colleagues demonstrated that in a series of
37 patients undergoing LT for HH, cardiac events were the cause
Table 5. Examples of published series of OLT in monogenic diseases.

Disease Author, yr No. of pts Age at OLT (yr)
range

Wilson’s 
disease

Bellary et al., 1995 39 23 (± 1.5)
Medici et al., 2005 36 27.5 (1.5-56)
Arnon et al., 2011 170 14.3 (4-18)
Arnon et al., 2011 400 31.7 (19-68)

Hereditary 
hemochroma-
tosis 

Crawford et al., 2004 26 54.3 (39-64)
Kowdley et al., 2005 22 50.6 (± 10.2)
Dar et al., 2009 22 55 (30-72)
Yu et al., 2007 217 54.7 (± 9.0)

Tyrosinemia 
type 1

Arnon et al., 2011 125 2.5 (± 3.6)

Herzog et al., 2006 27 2.9 (0.5-14.8)
Mohan et al., 1999 8 5.3 (0.5-10.5)

Alpha-
1-antitrypsin 
deficiency

Hughes et al., 2011 35 6.0 (n.a.)
Jain et al., 2010 9 49.9 (± 7.09)
Kemmer et al., 2008 22 3 (0.5-17)
Prachalias et al., 2000 21 3 (0.6-15)

Urea cycle 
disorders

Morioka et al., 2005* 51 14.4 (0.1-62)

Wakiya et al., 2011 12 3.6 (0.8-11.7)
Whitington et al., 1998 16
Kasahara et al., 2010 5 1 (0.3-2.6)

Crigler Najjar 
syndrome

Van der Veere et al., 
1996*

21 9.1 (1-23)

Rela et al., 1999 6 11.1 (8-18)
Gridelli et al., 1997 5 8.6 (4-15)

TTR-familial 
amyloid 
polyneuropathy

Bittencourt et al., 2002 24 36 (25-52)
Herlenius et al., 2004 539 40.6 ± 10.8 

(21-69)
Primary hyper-
oxaluria type 1

Bergstralh et al., 2010 26 25.3 ± 17.4

⁄Includes previously published series.
a1990–1994 vs. 1995–2000 period.
byr median (25th, 75th).
WLDD, whole deceased donor liver; PLDD, partial deceased donor liver; n.a., not availa
combined liver-kidney transplant.
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of 22% of the 23 post-LT deaths, mostly occurring after the first
post-LT year [61].

There have been conflicting reports on whether or not iron
reaccumulates after LT. In series of patients who underwent LT
for HH, nearly all recipients had persistently normal serum trans-
ferrin saturation and ferritin values post-LT [58,62]. On the other
hand, hepatic iron overload is associated with poorer post-LT out-
come irrespective of the underlying cause: recipients with and
without HFE gene mutations had similarly reduced post-LT sur-
vival compared to a matched group without iron overload [52].

Indeed, a poor outcome after LT has been shown in subsets of
liver transplant recipients with iron overload not associated with
HFE gene mutations [56,63].

Tyrosinemia type 1

Tyrosinemia type 1 (TT1) is an autosomal recessive metabolic
disorder characterised by the deficiency of the enzyme fumaryl-
acetoacetate hydrolase (FAH) involved in the final step of the
catabolism of tyrosine and phenylalanine (Table 2) [64]. The
Tx type Follow-up Survival (%)
mean/range 1 yr 5 yr

WLDD 4.3 yr (3 mo-10 yr) 79.4
WLDD 64.6 mo (2-152) 89.1 75.6
WLDD = 146 PDLD = 24 n.a. 90.1 89.0
WLDD = 388 PDLD = 12 n.a. 88.3 86.0
n.a. 3.6 yr (1-9) 72.0 55.0
WLDD n.a. 64.0 34.0
WLDD = 21 PDLD = 1 46 mo (12-213) 80.7 74.0
WLDD n.a. (1-10 yr) 86.1 77.3
WLDD = 91 PLDD = 19 
LD = 15

n.a. 90.4 90.4

n.a. 6 yr (1-14) n.a. n.a.
WLDD 6.7 yr (1-7) 75.0
WLDD = 34 LD = 1 ≈10 yr (n.a.) 82.7 76.5
WLDD 36 mo (n.a.) 100 
n.a. n.a. 89.0 83.0
WLDD = 14, PLDD = 11 40 mo (n.a.) 100
WLDD = 20 PLDD = 5 
LD = 26

10 yr 93.7 91.3

LD = 12 29.2 mo (3-97) 91.7
WLDD = 16 0.9-6 yr 87.5
LD = 5 26.8 mo (12-48) 100
WLDD = 18 APOLT = 3 11.4 yr (4-24) 95.2

APOLT = 6 35 mo (23-59) 83.3
WLDD = 5 30.2 mo (11-62) 100
n.a. 36 mo (14-82) 70 58
LD = 25 >1 yr 77-90a 77

CLKT 1.3 yr (0.3. 3.2)b - 67

ble; LD, living donor; APOLT, auxiliary partial orthotopic liver transplant; CLKT,
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incidence of TT1 ranges from 1:100,000 to 1:120,000, but can be
higher in specific areas, such as Scandinavia and Quebec, where it
has been reported to be as high as 1 in 1846 live births [65]. The
deficient enzymatic activity causes the formation and subsequent
accumulation of toxic metabolites, such as fumarylacetoacetate
and malelylacetoacetate (Supplementary Fig. 1). A by-product is
succinylacetone whose presence in the urine is the hallmark of
the disease. These toxic metabolites (and particularly fumarylac-
etoacetate) have been shown to induce apoptosis of both hepato-
cytes and kidney tubular epithelial cells. The alkylating
properties of the toxic metabolites can affect particularly hepato-
cytes DNA, increasing the risk of HCC. TT1 presents either as
acute or chronic form. The acute form usually presents within
the 3rd or 4th month of life, and is characterised by ALF during
the first year. The chronic form is characterised by failure to
thrive, hepatomegaly and chronic liver disease, renal tubular dys-
function (Fanconi-like syndrome), rickets, cardiomyopathy, por-
phyria-like neurological syndrome with severe muscle pain and
waste, extensor hypertonia, vomiting, ileus [66]. The incidence
of HCC development is high and its onset rapid. At diagnosis
alpha-fetoprotein is almost invariably greater than 30,000 ng/
ml and should be utilised as a marker for suspicion.

A major step in the management of TT1 has been achieved
with the introduction of 2-(2-nitro-4-trifluoromethylbenzoyl)-
1-3-cycloexenedione (NTBC) in 1992: this compound halts the
second step of tyrosine catabolism avoiding the accumulation
of toxic metabolites [67]. A combination of tyrosine- and phenyl-
alanine-free diet plus NTBC warrants major improvements in
both liver and kidney function, nutritional status and avoids the
occurrence of porphyria-like syndrome episodes [68]. NTBC pro-
tects from development of HCC especially when started within
the first 6 months of life. Since the introduction in clinical prac-
tice of NTBC, the need for LT in TT1 patients has dropped from
35% to 12% [69]. The present indication for LT includes: (a)
patients who failed the first-line medical treatment based on diet
and NTBC; (b) onset of ALF unresponsive to medical treatment;
(c) HCC or, in some cases, evidence of histologically-proven dys-
plastic nodule in the liver. The risk of development of HCC is so
high in patients with a nodular cirrhotic liver that early trans-
plantation might be considered cost-effective; (d) poor quality
of life and/or chronic liver/kidney dysfunction under severe
restriction diet in medical therapy.

LT does not completely cure the enzymatic deficiency, since
renal FAH deficiency is not corrected by LT [70]. In the pre NTBC
era, combined liver-kidney transplant (CLKT) was indicated, but
nowadays, the kidney-sparing effect of NTBC has completely
changed the scenario. Isolated LT is usually performed, with
1-year survival higher than 88% in most series (Table 5)
[71–73]. In selected cases, low-doses NTBC treatment is required
post-LT. Heterozygous relatives are not affected by the disease
and they can act as living donors in tyrosinaemia as well as in
other monogenic recessive conditions.

Alpha-1-antitrypsin deficiency

Alpha-1-antitrypsin (AAT) is the most common protease inhibitor
present in human plasma and is a member of the serine protease
supergene family (Table 2) [74]. AAT protects tissues from prote-
ases such as neutrophil elastase. AAT is encoded by a gene located
on the long arm of chromosome 14. The glycoprotein is synthe-
sized within the liver. The phenotype PiMM (protease inhibitor
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MM) is present in about 95% of the population and is associated
with normal serum levels of AAT. Several mutations have been
described, the most common disease-related alleles being PiZ
(Glu342Lys) and PiS (Glu264Val) that result in reduced circulating
levels of AAT (15% and 60%, respectively) [75]. AAT deficiency
(AATD) is a condition characterised by both liver and lung injury.
The incidence of the mutation ranges between 1:2500 live birth
in Europe to 1:1500 in USA [76]. The PiZZ phenotype has been asso-
ciated with liver disease in childhood. A prospective nationwide
screening study initiated more than 20 years ago in Sweden has
shown that significant liver disease develops in only 10–15% of
children with a PiZZ phenotype, suggesting that this condition rep-
resents a strong predisposition rather than the sole cause of liver
disease in these subjects [77]. Persistence of jaundice, paucity of
bile ducts, severe fibrosis, and portal hypertension beyond
6 months are indicators of a poor prognosis. However, around
6–10% of PiZZ subjects develop signs of liver disease in late infancy
or childhood, without any history of neonatal jaundice. The hetero-
zygous state does not cause liver disease per se, but behaves as a
cofactor in the presence of other conditions such as hepatitis C
virus infection, non-alcoholic fatty liver disease, or cryptogenic cir-
rhosis. An estimated 10% of adults will eventually develop cirrhosis
along their life [78]. The pathophysiology of liver disease is not
fully elucidated as yet, but it is likely due to the accumulation
and subsequent polymerization of the mutant AAT protein in the
endoplasmic reticulum of the hepatocyte, as revealed by the typi-
cal periodic acid Schiff–positive granules seen on light microscopy.
Patients with cirrhosis secondary to AATD are at high risk of devel-
opment of HCC. The diagnosis of AATD can be made by either AAT
genotyping or phenotyping, but cannot rely on AAT serum levels as
they can be falsely elevated in several inflammatory conditions,
tumours, pregnancy, and in case of oestrogen supplementation.

The lack of circulating AAT exposes the lungs to proteolytic
attack by neutrophil elastase and therefore predisposes the PiZZ
patients to early-onset emphysema. In the lungs, the alveolar tis-
sue, unprotected from destruction by the proteolytic aggression
of neutrophil elastase, will eventually collapse and cause early
emphysema with chronic obstructive airway disease [79].

The indication for LT in AATD is either ESLD or HCC and not
the lung disease. However, LT not only cures the ESLD but also
prevents the development of lung disease later in life as the reci-
pient develops the Pi phenotype of the donor. Differently from
other metabolic disorders, prognosis and timing for LT of AATD-
related ESLD can rely on PELD/MELD scoring systems (Pediatric
End-stage Liver Disease/Model for End-stage Liver Disease). In
most paediatric cases, LT is postponed in late childhood as a
result of relapse of jaundice or development of cirrhosis with por-
tal hypertension [80]. In some patients, though, LT might be
needed before the age of two years. In adults, the development
of cirrhosis and its complication usually occurs in the 4th or
5th decade, frequently in the presence of cofactors such as
chronic viral hepatitis, non-alcoholic or alcoholic hepatitis. Over-
all survival for children and adults are reported over 90% and 80%,
respectively (Table 5) [80–83].
Monogenic diseases with primary hepatic expression without
significant parenchymal damage

Liver-based genetic disorders in which the liver structure is not
impaired are part of this group of monogenic diseases. Genetic
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mutations affect a specific hepatic function with prevalent extra-
hepatic manifestations. Owing to the limited availability of donor
livers, transplantation of hepatocytes, whether genetically modi-
fied or not, has been proposed as an alternative to LT for the
treatment of such conditions. However, while hepatocyte trans-
plantation can be safely employed in humans, its applicability
remains limited and still technical difficult [84,85].

The rationale of using LT to replace an organ that is structur-
ally normal except for a specific pathway raises questions about
indications, timing, and priority.

In these conditions, two different special techniques, namely
domino liver transplantation (DLT) and auxiliary partial ortho-
topic liver transplantation (APOLT), can represent an option
[86]. In DLT the native liver, removed from a patient with the
metabolic disorder, is transplanted into another patient with a
different disease, thus increasing the organ pool. This option
can be used: (a) when the expected interval before the onset of
the metabolic disease in the recipient is longer or at least not sig-
nificantly shorter than the expected survival with LT; (b) when
the genetic defect in the transplanted liver is expected to be com-
pensated by recipient’s extrahepatic organs carrying the appro-
priate gene; and (c) as a bridge, waiting for a second
transplantation. DLT has mainly been performed with the liver
of patients with familial amyloid polyneuropathy (FAP), although
de novo FAP development has been described even earlier than
expected (2–9 years) in DLT recipients [86,87]. The technique
can also be performed with livers of patients with maple syrup
urine disease and familial hypercholesterolemia, whereas unsat-
isfactory results have been reported in primary hyperoxaluria
[86].

In APOLT, only a part of the liver with the genetic disorder is
removed and replaced with a segmental graft from a deceased or
living donor. The rationale for this approach is that the segment
of the liver carrying the wild type gene is sufficient to synthesise
enough enzyme to correct the metabolic defect, while leaving a
segment of the native liver may effectively support the patient’s
life in case of failure of the graft. Encouraging results with APOLT
have been reported in patients with various metabolic disorders
(i.e., Criggler Najjar syndrome, urea cycle disorders) [88].

Living donor LT from parents or other relatives may present
the advantage of optimal timing and has been successfully used,
particularly in situations where deceased donation is problematic
[89]. The issue of possible latent disorder in the donor’s liver is
crucial in this setting. Heterozygous healthy carriers can be safely
used as donors in most disorder. Ornithine transcarbamylase
deficiency is an exception and evidence of normal tissue enzy-
matic activity should be obtained before using heterozygotes
females as donors for transplantation for this disease [90,91].

Urea cycle disorders

The urea cycle comprises a series of metabolic pathways by
which ammonia is detoxified and converted into excretory non-
toxic compounds [92]. These pathways are located mainly or
exclusively within the hepatocytes (Supplementary Fig. 2). Enzy-
matic defects result in accumulation of nitrogenous waste which
are highly neurotoxic [93]. Urea cycle disorders (UCD) have an
incidence of about 1:20,000. UCD are named for the 2 initial steps
of the pathway, involving the deficiency of carbamyl phosphate
synthetase (CPS), and ornithine transcarbamylase (OTC). The
other 3 disorders are named after the specific metabolite
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detected in affected individuals: citrullinemia (ASS), argininosuc-
cinic aciduria (ASL), and argininemia (ARG1) (Table 2). The clini-
cal presentation is similar in all types of UCD, but the severity of
symptoms varies widely between and within the various forms:
from a lethal neonatal form to almost asymptomatic adults
[94]. The major symptoms are due to hyperammonemia. Ammo-
nia levels >200 lmol/L increase the risk for cerebral oedema,
while during decompensation, ammonia can reach levels
>1000 lmol/L, that are almost invariably associated with irre-
versible cerebral damage. Neonates with UCD may present within
hours/days from birth with a severe illness characterised by anor-
exia, hypothermia, poor feeding, tachypnea, vomiting, dystonia,
irritability or lethargy with rapid progression to coma [95]. The
prognosis of early onset UCD is usually poor despite prompt
and aggressive treatment, which must include: (1) direct removal
of ammonia by means of continuous hemofiltration or dialysis;
(2) limitation of protein breakdown by reversal of the catabolic
state by a hypercaloric, low-protein diet with essential amino
acids and arginine supplementation; (3) pharmacologic detoxifi-
cation of nitrate excess.

Long-term management includes strict dietary natural animal
protein restriction, combined with essential amino acids supple-
mentation [96]. Oral administration of sodium phenyl butyrate,
sodium phenyl acetate or sodium benzoate (the former is more
palatable and converts to phenyl acetate in vivo) and nocturnal
enteral nutrition are often required. Even with very careful and
proper management of the disease, episodes of acute hyperam-
monemia might not be completely prevented, especially during
intercurrent illness [97]. Patients with recurrent and severe epi-
sodes of hyperammonemia can suffer from devastating neurolog-
ical sequelae and LT is indicated in such cases to prevent their
development [98,99].

In male newborns with severe onset OTC deficiency, LT is the
only procedure warranting long-term survival and protection
from irreversible brain damage. Since the metabolic defect is
located mainly within the liver, LT is curative, providing complete
resolution of hyperammonemia within 24 hours from the proce-
dure [89]. Quality of life can be improved in almost all recipients,
although neurologic sequelae might remain in some individuals,
mainly in severely impaired children [100]. Apart from neonatal
onset of OTC deficiency which represents a clear indication for
LT, in all other UCD conditions the indication is based on the fail-
ure to maintain metabolic compensation with medical treatment
and therefore it remains a ‘‘case by case’’ decision. Survival rates
with unrestricted diet are reported as 93.8% and 90% at 1 and
5 years post-LT, respectively (Table 5) [89,100–102].

Crigler Najjar syndrome

Crigler-Najjar syndrome (CN) is a rare, autosomal recessive disor-
der of bilirubin metabolism that has been divided into two dis-
tinct forms based upon the severity of jaundice: type I disease
(CN1) is associated with severe jaundice and high risk of neuro-
logic sequelae (kernicterus); type II disease (CN2) is associated
with a lower serum bilirubin concentration and no risk for ker-
nicterus throughout the whole life [103]. Jaundice in CN is due
to a variety of alterations in the coding sequences of the biliru-
bin-uridine diphosphate glucuronosyltransferase (UGT1A1) gene,
which is responsible for bilirubin conjugation [104]. These muta-
tions lead to the total loss or reduced levels of UGT1A1 activity
respectively in CN1 and CN2. The hallmark of CN1 is
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unconjugated hyperbilirubinemia in the range of 20–25 mg/dl,
but can reach values as high as 50 mg/dl [105]. Unlike CN1,
CN2 has no indication for LT since it is characterised by bilirubin
levels below 20 mg/dl, and therefore compatible with a normal
life, although during intercurrent illnesses, bilirubin levels can
raise in both (Table 2).

Serum bilirubin concentration can be reduced by the adminis-
tration of phenobarbital (60–120 mg for 14 days) in most
patients with CN2 but not CN1 disease, providing also a helpful
tool to differentiate the two conditions [106]. Although several
drugs have proven effective to slightly reduce jaundice through
the reduction of intestinal reuptake of bilirubin (calcium carbon-
ate and orlistat), the medical management of CN1 relies mainly
on phototherapy that acts by converting bilirubin into its iso-
mers, which are excreted in the bile without the need for conju-
gation [107,108]. Patients with CN1 requires the exposure to
fluorescent lamps for at least 12 hours/day, but around the
pubertal age thickening of the skin, increased skin pigmentation,
and decreased surface area in relation to body mass render this
technique less effective, increasing the risk of kernicterus [109].
In an animal model, the Gunn rat, a normal bilirubin-UGT gene
can be introduced in the diseased liver by autologous transplan-
tation of cells transduced with the normal gene ex vivo, by in situ
perfusion or systemic administration of vectors that are capable
of carrying the gene to the liver [110]. Nevertheless both long-
term efficacy and safety of gene therapy for CN1 are not yet
established.

Since as little as 5% of the liver mass can reduce bilirubin lev-
els down to near normal values, allogeneic hepatocyte transplan-
tation (AHT) has been attempted in children with CN1 [111].
However, the beneficial effect of AHT lasts no longer than 3 years,
making LT mandatory to control the disease [38]. LT remains the
ultimate treatment of CN1 [112]. Deciding the best timing for
transplantation is challenging in these patients [113]. Even
though it is a general rule to try to postpone as much as possible
surgery and exposure of children to immunosuppressive drugs, it
must be considered that control of jaundice in CN1 can become
less and less effective over the years, raising the risk of kernic-
terus. In the 1996 report of the CN world registry, the mean
age at transplantation was 9.1 years. Overall, brain damage
developed in 26% of patients. Remarkably, the age of patients
with and without brain damage at LT was 14.3 and 5.9 years,
respectively (Table 5) [107,114,115]. Nowadays, more effective
tools to control jaundice have certainly developed. However,
despite a different response to non-surgical treatments can allow
tailoring the decisions in these patients, older age, inconsistent
family compliance to phototherapy, and intercurrent illnesses
remain major threats to neurological integrity in CN1 patients
managed conservatively, especially when the levels of bilirubin
remain steadily above 25 mg/dl.

Transthyretin-type familial amyloid polyneuropathy

Transthyretin-type familial amyloid polyneuropathy (TTR-FAP) is
a rare adult-onset progressive degenerative disorder character-
ised by extracellular amyloid fibril formation with polymerized
TTR systemic accumulation. The condition is inherited as an auto-
somal dominant trait and is now described worldwide [116].
Reports of about 100 different mutations or deletions in the TTR
gene have been published, and several different phenotypes doc-
umented. It is also assumed that non-genetic factors must play a
role in the molecular mechanisms of the disease [117]. TTR is a
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127-residue protein that transports thyroxin in the blood and
cerebrospinal fluid. Plasma TTR is predominantly synthesised
by the liver and mutated forms of TTR are the precursor pro-
tein of amyloid fibre and amorphous aggregates in patients’ tis-
sues. The clinical manifestations are mainly represented by
progressive polyneuropathy associated with sensory loss, motor
weakness, and autonomic dysfunction. In the final stages,
cachectic and incontinent patients die from renal insufficiency,
metabolic imbalance, arrhythmia, or infections [118] (Table 2).
TTR-FAP was long considered a fatal illness and palliation of
systemic manifestations represented the only available option.
A number of drugs able to stabilise TTR or inhibit fibril forma-
tion have been investigated. Currently, the most promising is
tafamidis [119]. Liver tissue of TTR-FAP patients has normal
structure and function, except for the production of amyloido-
genic variant TTR.

As the liver produces most of the amyloidogenic TTR in serum,
it was assumed that the replacement of a liver expressing an
abnormal TTR gene should stop the production of the variant
TTR. Since the first operation in 1990, LT has become an accepted
treatment of this disorder. Transplanted patients have signifi-
cantly prolonged survival compared with the non-transplanted
ones [120]. The outcome is generally favourable for those with
an early onset of the disease (age at onset <50 years) (Table 5)
[121,122]. Although LT is life-saving for patients with TTR-FAP,
long-term progression of systemic organ involvement has been
recently observed in a significant number of LT recipients
[123,124]. Re-evaluation of recent LT series have shown unfore-
seen heart complications, affecting mortality and morbidity
[125]. The development of post-LT cardiomyopathy seems to be
related to TTR-fibril composition and to age at onset of the dis-
ease [126,127]. Although favourable outcomes have been
described in patients with the most common TTR mutation
V30M, in patients with other mutations, outcomes have been
worse due to progression of cardiac amyloidosis [128]. LT must
be proposed to the symptomatic patients as early as possible.
High incidence of thrombotic complications, mainly hepatic
artery thrombosis, has been reported in the early post-operative
phases [129]. CHLT has been performed in few cases
[123,130,131].
Primary hyperoxaluria type 1

The most severe form of primary hyperoxaluria is type 1 (PH1)
due to a deficiency of the liver peroxisomal enzyme alanine:gly-
oxylate-aminotransferase (AGXT), which catalyses the conver-
sion of glyoxylate to glycine. When AGXT activity is absent,
glyoxylate is converted to oxalate, which forms insoluble calcium
salts that accumulate in the kidney and other organs [132]. As
glomerular filtration rate decreases to less than 25 ml/min/
1.73 m2, the daily production of oxalate far outstrips renal oxa-
late clearance, resulting in a rapid decline in residual renal func-
tion with a concurrent increase in systemic oxalate storage
(oxalosis) [133]. The prevalence of PH1 ranges from one to three
in 1,000,000 [134,135]. PH1 often remains underdiagnosed
because of the wide variability in both clinical presentation and
age at onset [136]. The natural history of untreated PH1 is one
of inexorable decline in renal function as a result of progressive
nephrolithiasis/nephrocalcinosis, with eventual progression to
end stage renal disease (ESRD) and/or complications of systemic
oxalosis [133,137,138] (Table 2).
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Early diagnosis and initiation of supportive therapies with

hydration and crystallisation inhibitors are critical in allowing
long lasting renal survival [139]. Approximately 10–30% of indi-
viduals with PH1 respond to treatment with pyridoxine [140].
Among these, 40% show normalisation and the remainders only
a partial reduction of oxalate concentrations [141]. As neither
maintenance haemodialysis nor peritoneal dialysis clear oxalate
quickly enough to prevent systemic oxalosis, organ transplanta-
tion is the only potential cure for PH1 [142].

Much discussion has occurred regarding the best transplanta-
tion strategy for an individual with PH1. Isolated kidney trans-
plantation restores oxalate excretion to normal, but is
associated with a high rate of recurrence and in many cases early
graft loss [137,138,140]. Pre-emptive LT before ESRD and sys-
temic oxalosis is an attractive approach for individuals with
PH1, as replacing the liver offers the possibility of correcting
the metabolic defect. The optimal timing of this approach is still
controversial, being based on highly variable GFR cut-off values
(from 40 to 80 ml/min/1.73 m2) [143–146]. During LT procedure,
patients with severe systemic oxalosis are at high risk of both
haemodynamic and septic complications due to poor responsive-
ness to inotropes. CLKT from a single donor is the preferred
option when GFR is below 40 ml/min/1.73 m2, however, a
sequential procedure may be technically advantageous in infants.
Excellent outcome data from the International Primary Hyperox-
aluria Registry have been reported (Table 5). Comparing isolated
kidney transplantation to CLKT, 5-year kidney graft survival was
45% vs. 64% (p = 0.10), respectively, but death-censored graft sur-
vival was 45% vs. 78% (p = 0.003). Delay in PH diagnosis until after
transplant favoured early kidney graft loss [147].

Atypical haemolytic uremic syndrome 1

Haemolytic uremic syndrome (HUS) – the most frequent cause of
acute renal failure in children – usually follows infection with
Escherichia coli (so called typical HUS) and about 95% of patients
have a favourable outlook. Atypical HUS (aHUS) is much less
common and has a considerably worse prognosis in terms of both
mortality and development of ESRD [148]. It is now established
that aHUS is often associated with mutations in genes encoding
complement regulatory proteins and secondary disorders of com-
plement regulation. Of the genes in which mutations are known
to be associated with aHUS, CFH (encoding complement factor H)
is the most common, accounting for 30% of cases, also known as
aHUS1. Irrespective of the pattern of inheritance, aHUS1 occurs at
all ages. The clinical course is characterised by a high rate of
relapse and a 60–80% rate death or ESRD following the presenting
episode or as a consequence of relapse. Conditions that trigger
complement activation precipitate the acute event in approxi-
mately 60% of cases [149] (Table 2).

The mortality rate for aHUS dropped from 50% to 25% after
plasma manipulation (plasma infusion or exchange) was intro-
duced [150]. In published studies, some patients with aHUS1
did not respond at all to plasma therapy and died or developed
ESRD. Others required infusion of plasma at weekly intervals in
order to raise CFH plasma levels enough to maintain remission
[151]. In the Bergamo cohort [149], approximately 60% of
patients with aHUS1 treated with plasma underwent either com-
plete or partial remission. However, the remaining patients did
not respond at all to plasma and 20% died during the acute epi-
sode. More recently, case reports and two phase II trials have
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shown an impressive efficacy of eculizumab, a human monoclo-
nal antibody directed against the complement protein C5, that
is now considered the standard of care [152].

It is generally accepted that renal transplantation is an effective
and safe treatment for patients with E. coli-associated HUS who
have progressed to ESRD. By contrast, in patients with aHUS1,
the kidney graft outcome is poor. Recurrence rate ranges from
30% to 100% and is significantly higher than in patients without
CFH mutations [153,154]. Interpretation of these results is facili-
tated by the knowledge that CFH is a plasma protein that is pro-
duced nearly exclusively by the liver. Thus, a kidney transplant
will not correct the CFH genetic defect in these patients. CLKT
was first performed in Bergamo in a child with aHUS1 [155]. Kid-
ney function promptly recovered, while, after an initial improve-
ment, liver function progressively deteriorated with severe
hepatic encephalopathy. A second uneventful LT was undertaken
a few days later, nevertheless, the neurologic abnormalities only
partially improved. On subsequent follow-up, the child had no sign
of disease recurrence but died 3 years later as a result of the neuro-
logic sequelae [156]. Regardless of the unfortunate outcome, this
was the first evidence that aHUS1 could be cured by CLKT. The clin-
ical course of the second reported case was also complicated by
irreversible liver failure with a fatal outcome just after transplan-
tation [157]. After these initial reports, a modified approach to
CLKT was successfully applied in few cases [158–160]. The pivotal
modification was to exchange large quantities of plasma before
transplantation and during the procedure. This both increased
the bioavailability of functional factor H during the critical period
needed for the liver graft to recover synthetic functions and, at the
same time, removed the endogenous mutant CFH [156]. Since
then, CLKT has been regarded as a viable therapeutic option for
patients with aHUS1 resulting in ESRD, and ideally also for patients
with mutations of other factors synthesised in the liver [161]. Iso-
lated pre-emptive LT has been first performed in 2002 in a child
with aHUS1 and preserved renal function despite severe recurrent
episodes. At that time, the transplant protocol did not include
plasma therapy and the child died 11 months after transplantation
from repeated infections, lymphoproliferative disease, and some
signs of HUS recurrence during infections [162]. More recently, a
second child with aHUS1 underwent successful pre-emptive LT
[163]. Outcome of LT in patients with aHUS1 is reported in Table 6.
Hopefully, emerging therapies with complement inhibitors will
allow successful kidney only transplantation in the near future.
Monogenic diseases with both hepatic and extrahepatic
expression

In this group of monogenic diseases, the enzymatic defect is
ubiquitous, the liver is one among several targets for systemic
injury and LT has been generally considered as an enzyme
replacement treatment. In these disorders, LT is not curative
since the abnormal phenotype is partially maintained by extrahe-
patic synthesis of the toxic metabolites. Indeed, the experience of
LT in this group of monogenic diseases is scant, the results quite
poor and the indications far from being established.

Organic acidurias

The organic acidurias (OA) are part of a family of inborn errors of
organic acid metabolism, characterised by the excretion of
3 vol. 59 j 595–612 605



Table 6. Outcome of OLT performed in patients with atypical haemolytic uremic syndrome 1.

Study
(Author, year)

Pa-
tient

Sex Age at 
HUS 
onset

Time be-
tween HUS 
and dialysis

Age at 
Tx

Tx Type Graft failure Reason for failure Disease 
recurrence

Follow-up of functioning grafts/
outcome

Remuzzi G et al., 2002 1 M 6 mo <6 mo 2 yr CLKT Liver 1: Yes Humoral hyperacute 
rejection at day 26, liver 
retransplantation few 
days later No Death 3 years after CLKT for 

neurologic sequelae
Liver 2: No
Kidney: No

Cheong HI et al., 2004 2 M 3 mo Preserved 
renal function

2.5 yr preOLT No Signs of HUS 
recurrence 
during infections

Death 11 months post-OLT 
(infections, lymphoproliferative
disease)

Remuzzi G et al., 2005 3 F 13 mo <6 mo 2 yr CLKT Liver: Yes Early acute liver failure No Death on day 3rd for 
cardiocirculatory failureKidney: ?

Saland JM et al., 2006, 
Saland JM et al., 2009

4 M 4 mo Within weeks 5.5 yr CLKT No No >4 yr

Jalanko H et al., 2008 5 M 12 mo 2 mo 18 mo CLKT No No 15 mo
Koskinen AR et al., 2011 6 F 16 yr Within weeks 16.5 yr CLKT No No 4 yr
Saland JM et al., 2009 7 M 9 mo Preserved 

renal function
4 yr CLKT No No 21 mo

Haller W et al., 2010 8 M 5.5 mo Preserved 
renal function

5 yr preOLT No No 2 yr

Wilson C et al., 2011 9 M 62 yr Within days 65 yr CLKT No No 1 yr
Koskinen AR et al., 2011 10 M 21 yr <6 mo 22 yr CLKT No No 3 yr

CLKT, combined liver-kidney transplantations; preOLT, pre-emptive liver transplantation.
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Table 7. Features of organic acidurias.

Disorder Gene Deficient enzyme

Deficit of catalytic compo-

achronimous
Mechanisms of disease Clinical features Risk of 

metabolic 
crisis at OLT 

Enzymatic 
correction 
with OLT

Maple syrup 
urine disease 
(MSUD)

Type IA

Branched-chain ketoacid 
dehydrogenase (leucine, 
isoleucine, valine)*

BCKDHA

-
nents of the branched-
chain alpha-ketoacid 
dehydrogenase complex

Maple syrup odour. 
Lethargy, altering 
hypotonia and hypertonia, 
hyperammonemia typically 
absent, ketosis

High Good

Type IB BCKDHB

Type II DBT

Propionic 
acidemia

Type I
Propionyl CoA 
carboxylase 
(isoleucine, valine, 
methionine, 
threonine)*

PCCA
Excessive 
deamination of branched-
chain amino acids in 
muscle

Vomiting, lethargy, hyperam-
monemia, developmental 
retardation, neutropenia, 
acidosis, ketosis, 

High Moderate

Type II PCCB

Methylmalonic 
academia 
(MMA)

Methylmalonyl CoA 
mutase (isoleucine, 
valine, methionine, 
threonine)*

MUT Disorder of 
methylmalonate and 
cobalamin leading to 
methylmalonyl CoA ac-
cumulation in the body

Toxic encephalopathy, 
hyperammonemia vomiting, 
failure to thrive, neutropenia, 
acidosis, ketosis

High Poor
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non-amino organic acids in urine. The majority of the organic
acidurias are caused by a systemic deficient enzymatic activity
involved in the catabolism of the branched-chain amino acids
(BCAA) leucine, isoleucine, and valine [164]. The clinical pheno-
type of OA is dependent on the type of enzymatic defect and on
the degree of residual enzymatic activity. The clinical picture of
OA is the consequence of the accumulation of toxic compounds
into brain, liver, kidney, pancreas, retina, and other organs. The
typical presentation is that of a newborn who, after initial feed-
ing, within few days develops an intoxication type of metabolic
derangement with encephalopathy, vomiting, poor feeding, sei-
zures, dystonia, cerebral oedema with lethargy, and progression
to coma, often misdiagnosed as sepsis. The outcome is strongly
influenced by a rapid diagnosis and prompt removal of neurotox-
ins by means of continuous hemofiltration or dialysis [165]. In the
older infant or adolescent, variant clinical forms of OA can present
with poor intellectual performance, ataxia, Reyes syndrome,
recurrent ketoacidosis or psychiatric symptoms.

Most OA are managed by dietary treatment aimed at restoring
biochemical and physiological homeostasis. The strategy is based
on both dietary restriction of the precursor amino acids and use
of compounds that remove toxic metabolites [166]. Despite a cor-
rect long-term dietary management, patients with OA remain at
high risk of metabolic decompensation (because of intercurrent
concomitant illnesses, fasting or temporary reduction in caloric
intake), and often fatal acute pancreatitis [167].

Among OA, LT has been proposed for maple syrup urine dis-
ease (MSUD), methylmalonic acidemia (MMA) and propionic
acidemia (PA), with uneven results. In these conditions, the
pre-transplant protocol appears to be vital to protect from severe
perioperative decompensation and long-term sequelae (Table 7).

MSUD
Strauss has reported on 11 children transplanted at a median age
of 6.3 years, with an accurate pre-LT management. After
14-month follow-up, all patients were well, with low plasma
leucine levels under unrestricted diet [168]. The experience made
Journal of Hepatology 201
so far suggests that LT can provide a good metabolic control in
MSUD.

MMA
Kasahara reported on 18 children, median age 20 months, med-
ian follow-up 36 months, who received LT for recurrent meta-
bolic decompensation. Five patients had a CLKT; 8 had
preparatory perioperative haemodialysis to reduce serum MMA.
After LT, mortality was 17% and morbidity 38% (renal failure
and neurological disability). Levels of methylmalonic acid
decreased but not enough to avoid ongoing renal and neurologi-
cal damage. Patients who received a CLKT had a better metabolic
control after the procedure [169]. In another series reported by
Morioka, seven children with MMA received a living donor LT,
of whom 1 died and the remainders were alive at 10-month fol-
low-up. The requirement of metabolism-correcting medications
remained unchanged after LT, whereas protein restriction was
liberalised and tube feeding became unnecessary [170].

PA
A series of 12 children with PA who received an LT at a median
age of 24 months has been reported by Barshes. After 12-month
follow-up, survival on unrestricted diet was 72%. After LT, the
patients showed a clear neurological improvement on unre-
stricted diet [171]. In more recent reports, a good metabolic con-
trol and improved quality of life without protein restriction and
medication post-LT were documented in 8 recipients, although
urinary metabolites methylcitrate and serum propionylcarnitine
did not decrease markedly [172,173]. In one of these patients, it
was possible to maintain good metabolic control in the long term
by APOLT [174].

In OA, LT can only correct the enzymatic deficiency in the
liver, while the widespread diffusion of the specific metabolic
deficit in other organ systems may maintain a significant produc-
tion of toxic compounds, particularly in central nervous system
and kidneys [168,175]. The experience made so far suggests that
LT is able to provide a good metabolic control only in MSUD,
3 vol. 59 j 595–612 607
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whereas its indication is questioned in PA and mostly discour-
aged in MMA.

Key Points

• Monogenic diseases affect approximately 10 out
of 1000 births and represent a frequent cause of
mortality, especially in the paediatric population.
Effective treatments are rarely available and organ
transplantation remains the standard option for a
variety of life threatening conditions

• Liver transplantation offers a curative approach in
monogenic diseases with primary hepatic expression
and parenchymal damage, as well as in liver-based
genetic disorders with prevalent extra-hepatic
manifestations 

• When the genetic defect is ubiquitous and the liver is
one among several targets for systemic injury, results
of liver transplantation are quite poor and indications
less clearly established

• Characterization of genetic diseases allows to better
address the comorbidities, may influence selection of
organ transplant candidates and donors and improves
governance of postoperative complications.

• Different transplantation strategies are driven by the
understanding of the phenotypic expression of the
genetic defect
Conclusions

The concept of gene therapy has long appealed to biomedical
researchers and clinicians because of its promise to correct the
basis defect of genetic diseases. The disease targets for gene ther-
apy are multiple, but the most promising preclinical data come
from monogenic disorders. Nevertheless, although data so far
demonstrated a potential role for gene therapy in a wide range
of animal models of human diseases, the clinical efficacy in
humans remains elusive even after decades of trial experience
in patients with disease such as ornithine transcarbamylase defi-
ciency, haemophilia caused by factor IX deficiency, as well as
brain tumours, colon cancer and mesothelioma. Adverse effects
of gene therapy have been also observed because it is based on
viral vectors that retain some of their pathogenic potential. First
generation of vectors triggered a dose-dependent induction of
both innate and adaptive immune responses, which have not
only limited the duration of the gene expression, but have also
resulted in severe inflammatory toxicity in some patients, caus-
ing at least one death in a patient with partial ornithine transcar-
bamylase deficiency. Thus, the future remains uncertain
regarding the ultimate clinical impact that gene therapy will have
in single gene or multifactorial gene diseases. Meanwhile, organ
transplantation for monogenic diseases that involve the liver
remains the most suitable and cost-effective approach, also con-
sidering the very high cost of innovative drugs/biologics recently
proposed as possible treatment. While awaiting the maturity of
gene therapy, liver transplantation may continue to be seen as
a surrogate sort of gene therapy holding the potential of alleviat-
ing the suffering of many patients with monogenic diseases of
608 Journal of Hepatology 201
organs in which the abnormal responsible proteins are produced
nearly exclusively by the liver.
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