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ABSTRACT
Argininosuccinate lyase (ASL) is central to two metabolic pathways: i) the liver-based
urea cycle, which detoxifies ammonia, ii) the citrulline-nitric oxide cycle, which
synthesises nitric oxide from L-arginine. Patients deficient in argininosuccinate lyase
present with argininosuccinic aciduria characterised by hyperammonaemia and a
multi-organ disease with a severe neurological phenotype. Compared to other urea
cycle

disorders,

argininosuccinic

aciduria

presents

a

low

frequency

of

hyperammonaemic crises but a high frequency of cognitive impairment. This paradox
questions the causative role of hyperammonaemia in the neuropathology.
An observational UK-wide study was designed to study the natural history. Data
about clinical status, neuroimaging and hASL genotyping were collected from 56
patients. Six had molecular analysis performed in this work. A homogeneous
neurological phenotype was observed in most patients. hASL sequencing was
available in 19 patients and 20 mutations were found. A genotype-phenotype
correlation showed that the prognosis was more likely related to genotype rather than
severity of hyperammonaemia.
The hypomorph mouse model AslNeo/Neo mimicking the human disease was used to
study the neuropathology in argininosuccinic aciduria and showed a neuronal
disease with oxidative/nitrosative stress. To define the role of hyperammonaemia in
this finding, a gene therapy approach using an adeno-associated viral vector (AAV)
encoding the murine Asl gene was delivered in AslNeo/Neo mice. The long-term
correction of both pathways was observed: i) the urea cycle after a single systemic
injection in adult mice; ii) the citrulline-nitric oxide cycle in the brain after a single
systemic injection at birth. The neuronal disease persisted if ammonaemia only was
normalised but was dramatically reduced after correction of both ammonaemia and
neuronal ASL activity. This demonstrated the key-role of a neuronal disease
independent from hyperammonaemia in argininosuccinic aciduria.
This work provides new insight in the neuropathology of argininosuccinic aciduria and
a proof of concept of successful AAV-mediated gene therapy.
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1. BACKGROUND
1.1 Urea cycle and related inherited human diseases
1.1.1 The urea cycle

Enzymes of the urea cycle have 2 aims: i) detoxification of ammonia (NH3), a highly
neurotoxic molecule produced by deamination of amino acids during the catabolism
of proteins, into urea, and ii) de novo biosynthesis of L-arginine (1).
The urea cycle is compartmentalised within the hepatic lobule in periportal
hepatocytes, a phenomenon called metabolic zonation (2).
The urea cycle (Figure 1) relies on
-

5 catalytic enzymes: Carbamoylphosphate synthetase 1 (CPS1), Ornithine
transcarbamylase (OTC), Argininosuccinic synthetase (ASS), Argininosuccinic
acid lyase (ASL), Arginase (ARG),

-

One enzyme producing a co-factor N-acetylglutamate synthetase (NAGS),
which acts as an allosteric activator of the CPS enzyme

-

One mitochondrial transporter: citrin

CPS1, NAGS and OTC are located in the mitochondria and are the first 3 enzymes
involved in the cycle; a deficiency in one of these enzymes is known as proximal urea
cycle defect and is associated with severe hyperammonaemic crisis; ASS, ASL and
ARG are cytosolic enzymes and their deficiencies are considered as distal urea cycle
defects.
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MITOCHONDRIA
NH +
4

CYTOSOL
CPS

Acetyl-CoA
Glutamate

Carbamoyl phosphate

NAGS

UREA

Ornithine

+
N-acetyl-Glutamate

ARG

OTC
Citrulline

Citrin

Arginine

ASL

Aspartate

ASS

Argininosuccinate

Figure 1. The urea cycle
ARG: Arginase, ASL: Argininosuccinic acid lyase, ASS: Argininosuccinic synthetase,
CPS1:

Carbamoylphosphate

synthetase

type

1,

NAGS:

N-acetylglutamate

+

synthetase, NH4 : Ionised molecule of ammonia, OTC: Ornithine transcarbamylase.

1.1.2 Urea cycle defects
If one of the urea cycle enzyme becomes deficient, the impaired clearance of
ammonia will cause hyperammonaemia and provoke an endogenous intoxication
with clinical symptoms. The onset of symptoms is correlated with the severity of the
enzymatic deficiency. For example, severe forms of urea cycle defects can present
as neonatal coma at the end of the first week of life. Patients can be divided into
early-onset (symptoms identified at the age of 28 days or before) and late-onset
(symptoms observed after 28 days of life) phenotypes (3). A genotype-phenotype
correlation is often observed and helps predicting an early- or late-onset form (4).
Hyperammonaemic crises are associated with a severe outcome as the survival and
the neurological prognosis are correlated with the level and the duration of
hyperammonaemia (5). Without treatment, most of the patients will die (6, 7). A large
spectrum

of

neurological

sequelae

can

be

observed:

learning

difficulties,

neurocognitive impairment, behavioral, neurosensory and locomotor difficulties,
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epilepsy (8) with various neuroimaging abnormalities (cortical atrophy, ventricular
dilatation, lesions of basal ganglia and thalamus, acute ischemia, myelination defects
(9-11)). Early recognition is critical to rapidly reduce hyperammonaemia. However
symptoms are usually non-specific and heterogeneous with neurocognitive,
psychiatric, liver, digestive symptoms or failure to thrive (Table 1) (12).

Acute presentation

Chronic presentation

Neurological

Alteration of consciousness (from
somnolence to coma),
Acute encephalopathy,
Seizures,
Stroke-like episodes

Dizziness, Confusion,
Tiredness, Lethargy,
Headaches,
Ataxia,
Learning disability, Mental retardation

Psychiatric

Hallucinations, Paranoia

Mood alteration, Behavioural changes

Digestive

Vomiting, Loss of appetite

Vomiting, Abdominal pain

Liver

Liver failure

Hepatomegaly, transaminitis

Other

In neonates: sepsis-like presentation with
hypothermia, hypo- or hyperventilation,
multiorgan failure

Protein aversion

Table 1. Clinical symptoms of acute and chronic presentations of urea
cycle defects

The prevalence of urea cycle defects (UCDs) is estimated between 1/8,200 (13) to
1/35,000 (Table 2) (14). Argininosuccinic aciduria accounts for 15% of all urea cycle
defects and is considered as the second most common urea cycle defect after
ornithine

transcarbamylase

deficiency

(Table

2).

Argininosuccinic

aciduria

prevalence is evaluated by different groups to be between 1/49,000 (15), 1/70,000
(16), 1/95,600 (17) to 1/218,750 (14). The newborn screening implemented in some
western countries increases the prevalence as asymptomatic (also named benign) or
mild forms can be diagnosed.
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DEFECT

PREVALENCE

% UCDs*

INHERITANCE

GENE

NAGS Deficiency

<1:2,000,000

≤1%

Recessive

NAGS

CPS1 Deficiency

1/1,300,000

3-8%

Recessive

CPS1

OTC Deficiency

1/56,500

57-62%

X-linked

OTC

Citrullinemia 1

1/250,000

13-19%

Recessive

ASS

1/218,750

11-18%

Recessive

ASL

Arginase

1/950,000

2-3%

Recessive

ARG1

All urea cycle defects

1/35,000

100%

/

/

Argininosuccinic
aciduria

Table 2. Prevalence and inheritance of urea cycle defects
* Percentage of total urea cycle defects from the 3 main international registries: the
Urea Cycle Disorders Consortium (UCDC) funded by the National Institutes of
Health, the European Registry and Network for Intoxication type Metabolic Diseases
(E-IMD), and the National Urea Cycle Disorders Foundation (NUCDF) (14). ARG:
Arginase; ASL: argininosuccinate lyase; ASS: argininosuccinate synthase; CPS1:
Carbamylphosphate synthase type 1; NAGS: N-acetyl glutamate synthase; OTC:
ornithine transcarbamylase.
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1.2 Argininosuccinic aciduria
1.2.1 Argininosuccinate lyase
Argininosuccinate lyase (ASL) is a cytosolic protein, which cleaves argininosuccinate
into arginine and fumarate. This biochemical reaction belongs to 2 pathways (Figure
2):
i) the urea cycle (discussed in Section 1.1),
ii) the citrulline-nitric oxide cycle, which synthesises nitric oxide from L-arginine in
multiple tissues via nitric oxide synthase. Three isoforms of nitric oxide synthase
(NOS) exist: NOS1 or neuronal NOS (nNOS), NOS2 or inducible NOS (iNOS) and
NOS3 or endothelial NOS (eNOS).

Figure 2. Metabolic pathways involving argininosuccinate lyase
Argininosuccinate lyase (ASL) belongs to the urea cycle, which detoxifies ammonia
into urea, and the citrulline-nitric oxide cycle, which allows nitric oxide (NO)
production from nitric oxide synthase (NOS). All enzymes required in the urea cycle
are expressed in the liver. The citrulline-NO cycle is expressed in most organs. ASL
elicits (i) an enzymatic function in catalysing the production of arginine and fumarate
from argininosuccinic acid, and (ii) a structural role required to maintain a multiprotein
complex, which includes NOS, argininosuccinate synthase (ASS), a cationic amino
acid transporter (CAT-1) and heat shock protein 90 (HSP90).
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ASL is mainly expressed in the liver but is present in various other tissues e.g.
fibroblasts, red blood cells, muscle, heart, kidney, small intestine and brain (18, 19).
The structure of the active enzyme is a homotetramer with 4 active enzymatic sites
(20) and a molecular weight of 187 kDa (21). The ASL monomer encompasses 464
aminoacids (22). The ASL monomer has 3 distinct and highly conserved domains:
domains 1 and 3 are similar with 2 helix-turn-helix in perpendicular arrangement.
Domain 2 has 9 helices with 5 of them with up-down-up-down-up topology forming
the central helix bundle (23). Three of these 5 central helices bound another ASL
subunit to form a dimer with hydrophobic and ionic interactions between arginine and
glutamic acid residues (24). Each monomer contributes with one helix of its central
helix bundle to the formation of the core of the tetramer.
In humans, ASL is the only enzyme enabling the endogenous supply of L-arginine. In
human metabolism, L-arginine supply is provided by exogenous nutritional intake and
an ASL-dependent endogenous synthesis (18). L-arginine is a cardinal biochemical
precursor for pivotal metabolic pathways: i) synthesis of creatine, a molecule critical
for energy metabolism in muscle and brain in recycling adenosine diphosphate into
adenosine triphosphate via donation of a phosphate group (25); ii) synthesis of
agmatine and polyamines (putrescine, cadaverine, spermine and spermidine)
involved in the regulation of gene expression and ion channels response (26); iii)
synthesis of nitric oxide involved in vasodilatation, neurotransmission and cell
signalling (27) (Figure 3). This could explain the importance of this enzyme and its
ubiquitous location.
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Arginine
Glycine
Ornithine

AGAT

Guanidinoacetate
SAM

ADC

ARG1

NOS

Ornithine

Citrulline

CO2

Agma*ne

Nitric oxide

Urea

GAMT
Putrescine

SAH

Crea*ne
Spermidine

Polyamines

Spermine

Figure 3. Arginine-derived metabolic pathways
ADC: arginine decarboxylase; AGAT: arginine glycine aminotransferase; ARG1:
arginase type 1; GAMT: guanidinoacetate methyltransferase; NOS: nitric oxide
synthase; SAH: S-adenosylhomocysteine; SAM: S-adenosylmethionine.

Under physiological condition, the endogenous synthesis of L-arginine is sufficient to
meet physiological L-arginine supply and L-arginine is a non-essential amino acid.
This L-arginine endogenous production is mainly guaranteed by the kidney, which
contains both argininosuccinate synthase and ASL enzymes. In argininosuccinic
aciduria, L-arginine synthesis is impaired and L-arginine becomes an essential amino
acid, even after liver transplantation as the renal production of L-arginine remains
deficient (Figure 4) (28). The “arginine paradox” illustrates the observation that
despite saturating intracellular L-arginine levels in endothelial cells, supplementation
of exogenous L-arginine can increase the endothelial nitric oxide synthase (eNOS)dependent nitric oxide production (29) up to 2 fold and increase the perivascular
tissue perfusion by 35% (30). This suggests an intracellular compartmentalisation or
channelling effect of L-arginine to reach the active site of endothelial nitric oxide
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synthase. However, this paradox is not observed in argininosuccinic aciduria where a
systemic nitric oxide deficiency is observed despite L-arginine supplementation. The
discovery of a cytosolic multiprotein complex including the cationic amino acid
transporter CAT1, heat shock protein 90, argininosuccinate synthase, ASL and nitric
oxide synthase highlighted the pivotal role of ASL in maintaining this complex
(Figure 2) (31, 32). Hence ASL has a dual or “moonlighting” effect (33): i) a catalytic
function responsible for L-arginine production, ii) a structural role in maintaining a
multiprotein complex containing nitric oxide synthase and channelling L-arginine to
nitric oxide synthase for nitric oxide production (32).

NH3
Hepatocyte

Enterocyte

CPS1

CPS1
OTC

OTC

Citrulline

ASS

Extrahepa/c /ssues
(especially kidney)

ASL
ARG

ASL

Urea

Figure 4.

ASS

Arginine

L-arginine remains an essential amino acid after liver

transplantation in argininosuccinic aciduria
The major metabolic flux of arginine production relies on the ASS and ASL enzymatic
activities of the kidney. In argininosuccinic aciduria, the restoration of a functional
urea cycle after liver transplantation does not correct the impaired production of
arginine from extrahepatic tissues, which explains why a persisting arginine
supplementation is required. ARG: Arginase; ASL: argininosuccinate lyase; ASS:
argininosuccinate synthase; CPS1: Carbamylphosphate synthase type 1; OTC:
ornithine transcarbamylase.
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ASL is encoded by the human argininosuccinate lyase gene (hASL) (OMIM 608310).
This gene was cloned in 1986 (34), is located in chromosome 7 (7q11.21) and
contains 17,554 base pairs (bp) divided in 16 exons (21). An exon 0 has been
described coding for the 5’ untranslated region (UTR) (35). hASL is a very conserved
gene, identified in various species from bacteria and yeast (36), algae (37),
vegetables (38), birds (23) and mammals and has been well conserved through
evolution confirming the important role of argininosuccinate lyase.

1.2.2 Pathophysiology
Argininosuccinate lyase deficiency causes argininosuccinic aciduria (OMIM 207900),
an autosomal recessive disorder. Although the pathophysiology in argininosuccinic
aciduria remains partially elusive, various mechanisms summarised in Figure 5 have
been hypothesized to play a role in the pathophysiology of the disease.

a) Hyperammonaemia
Ammonia acts in different ways to produce devastating neurological symptoms (39).
In case of high ammonia levels, glutamate and glutamine synthesis acts as a shortlasting buffering mechanism (Figure 6). The conversion of α-ketoglutarate into
glutamate buffers one molecule of ammonia but can cause cataplerosis of the Krebs
cycle with secondary energy failure. Increase of intracellular glutamate stimulates Nmethyl-D-aspartate (NMDA) receptors and apoptosis. Glutamine has an osmotic
effect and high intracellular glutamine levels cause swelling of astrocytes and
cerebral cytotoxic oedema (40). High ammonia levels impair osmoregulation and
lead to astrocytic dysfunction, swelling and cerebral oedema, increased intracranial
pressure and eventually brain herniation. Brain autopsies showed extensive neuronal
loss, gliosis and astrocytes with water-clear, oval nuclei also called Alzheimer’s type
II astrocytes (9, 41, 42).
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Figure

5.

Metabolic

pathways

affected

by

argininosuccinate

lyase

deficiency
Argininosuccinate lyase (ASL) cleaves argininosuccinate into arginine and fumarate
as part of the urea cycle in the liver and the citrulline-nitric oxide cycle in most
organs. ASL is part of a multiprotein complex including argininosuccinate synthase
(ASS) and nitric oxide synthase (NOS). ASL deficiency leads to reduced arginine,
increased ammonia and reduced nitric oxide levels. Nitric oxide acts on the nitric
oxide-cyclic guanosine monophosphate (cGMP) signalling pathway to mediate its
effects in a wide range of tissues and generates nitrosothiols (RSNO) through protein
nitrosylation. Nitric oxide acts on the nitric oxide-cyclic guanosine monophosphate
signalling pathway to mediate its effects in a wide range of tissues and generates
nitrosothiols

(RSNO)

through

protein

nitrosylation.

Low

arginine

or

tetrahydrobiopterin (BH4) cause uncoupling of the NOS dimer generating superoxide.
Superoxide forms other reactive oxygen (O2) species like hydrogen peroxide (H2O2)
or peroxynitrite (ONO2-) involved in free radical damage and acting as signalling
molecules. Arginine is a precursor for various pathways i.e creatine, agmatine and
polyamine synthesis. Argininosuccinic acid could have a toxic effect by itself or
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through the formation of the toxic guanidinosuccinic acid. ASS: Argininosuccinate
synthase;

ASL:

Argininosuccinate

lyase;

BH2:

dihydrobiopterin;

BH4:

tetrahydrobiopterin; cGMP: cyclic guanosine monophosphate; H2O2 hydrogen
peroxide; NOS: Nitric oxide synthase; O2- Superoxide; ONO2- peroxynitrite; RSNO:
nitrosothiols.

NH3
α-ketoglutarate

NH3
Glutamate

GDH

Glutamine
GS

Figure 6. Glutamate-glutamine biosynthesis pathway
GDH: glutamnate dehydrogenase; GS: glutamine synthase; NH3: ammonia.

Chronic hyperammonaemia causes i) abnormal neurotransmission with increased
brain uptake of large neutral amino acids (tryptophan, tyrosine, phenylalanine,
methionine, histidine) (43). The imbalance of tryptophan, a precursor of serotonin,
disturbs the serotoninergic neurotransmission via alteration of the downstream
production of neurotransmitters (39). High cerebrospinal fluid serotonin levels are
associated with anorexia, a common symptom in patients with urea cycle defects
(44); ii) down-regulation of NMDA receptors with depression of excitatory
transmission and impairment of downstream glutamate-nitric oxide-cyclic guanosine
monophosphate (cGMP) signalling involved in learning and memory (45); iii)
ammonia competitively impairs astrocyte potassium buffering which can provoke
seizures and stimulates Na+K+Cl-cotransporter isoform 1 (NKCC1), which alters
neurotransmission (46).
It has been proposed that brain sensitivity to ammonia could be age-dependent (47).
Experiments in rats have shown a more pronounced impairment of energy
metabolism and the mitochondrial respiratory chain caused by ammonia in adult
compared to neonatal animals (48).
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b) Arginine deficiency
In argininosuccinic aciduria, L-arginine becomes an essential amino acid. Severe
hypoargininemia will impair the synthesis of arginine-derived metabolites such as
agmatine, polyamine, creatine and nitric oxide (Figure 5). Hypoargininemia affects
the synthesis of arginine-enriched tissues like hair (18).

c) Nitric oxide deficiency
Nitric oxide synthesis is catalysed by nitric oxide synthase from L-arginine. Nitric
oxide synthase is a dimer, which can uncouple in certain conditions such as arginine
or tetrahydrobiopterin (BH4) deficiencies. In case of uncoupling, nitric oxide synthasedependent nitric oxide production is defective and cells rely on nitric oxide synthaseindependent nitric oxide production via the nitrite-nitric oxide pathway used as a
bypass (49). This uncoupling generates superoxide and reactive oxygen species
causing oxidative stress (Figure 5).

d) Creatine deficiency and increased guanidinoacetate levels
A secondary creatine deficiency caused by low levels of the precursor arginine might
cause cerebral energy deficiency (Figures 5 & 7), especially in neurons and alters
the respiratory chain and ATP production (50). This inhibit Na,K-ATPase activities
and cause cell apoptosis (47).
Glycine

Arginine

Ornithine

AGAT

SAM

Guanidinoacetate

(Kidney)

SAH

GAMT

ATP

Crea0ne

ADP

Phosphocrea0ne

CK

(Muscle, heart, brain)

(Liver)

H2O

Crea0nine

Figure 7. Creatine biosynthesis pathway
AGAT: arginine glycine aminotransferase; ADP: adenosine di-phisphate; ATP:
adenosine
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Increased levels of guanidinoacetate in plasma and brain have been reported in
argininosuccinic aciduria (51-53) and might correlate with L-arginine supplementation
(51) similarly as in lysinuric protein intolerance (54) and arginase deficiency (55).
Guanidinoacetate toxicity has been advocated in guanidinoacetate methyltransferase
(GAMT) deficiency, a primary inherited creatine biosynthesis disorder causing a
severe neurological phenotype with intellectual impairment and epilepsy (56).

1.2.3 Clinical phenotype
The disease was initially described in 2 children with a late-onset phenotype, who
presented with mental retardation, ataxic gait and epilepsy, and was considered as “a
disease, probably hereditary, characterised by a severe mental deficiency and a
constant gross abnormality in amino acid metabolism” with “an unusual urinary amino
acid” on the chromatogram (57), which was later characterised as argininosuccinic
acid (58).
Similarly to other urea cycle defects, 2 phenotypes based on the age of onset of the
disease are described: i) an early-onset phenotype with neonatal hyperammonaemic
coma (i.e. patients ≤ 28 days of life) (59), ii) a late-onset phenotype diagnosed > 28
days because of either hyperammonaemic episod or chronic symptoms without acute
decompensation.
The following organs can be affected in the course of argininosuccinic aciduria:

a) Brain
Developmental delay shares a broad spectrum of severity from severe mental
retardation with an intelligence quotient (IQ) <50 (15, 60) to borderline IQ allowing
satisfactory socioeconomic integration (61). Various neurocognitive difficulties are
reported: gross and fine motor delay, speech delay, learning disabilities necessitating
adapted schooling and sheltered work. This delay is usually diagnosed early,
between 12 and 24 months, in untreated or treated patients whatever the phenotype
early- or late-onset (61-63).
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Epilepsy has been described in 55% of patients with different types of seizures: tonic
clonic, clonic, myoclonic or focal (63). Acute symptomatic seizures related to
hyperammonaemia are not predictive for developing an epilepsy later (63). The
neuropathology causing epilepsy is not well understood. Ammonia toxicity might not
be the primary cause and other mechanisms such as argininosuccinic acid-related
toxicity, increased guanidinoacetate or consequences of arginine deficiency have
been mentioned as potential causes (63). Electroencephalography is abnormal and
shows a non-specific pattern without (41, 64), or with, conventional treatment (63),
with spikes, spike-waves, sharp-and-slow waves (63, 65).
Ataxia, hypotonia, and tremor are common features in patients with the late-onset
phenotype, including cerebellar dysphonia and dysarthria (60).
Behavioural difficulties including hyperactivity (60, 61), autoagressivity with selfmutilation (53), autism (63) have been reported. Psychiatric presentations exist with
paranoid ideas (60), psychotic symptoms (66) or schizophrenia (67).
Forensic studies of brains from patients affected by urea cycle disorders showed
intracerebral haemorrhage, cerebral oedema (41, 68), cortical atrophy with
ventriculomegaly, prominent cortical neuronal loss (41, 69, 70).
Brain imaging shows:
•

With computer tomography: global atrophy, hypodense changes of white

matter despite normal ammonia levels, which might reflect mild demyelination
caused by low arginine levels (60).
•

With magnetic resonance imaging, Takanashi et al have proposed a

classification of lesions observed in urea cycle defects: type 1 in neonates with
cerebral oedema followed by atrophy; type 2 and 3 in infancy/childhood with
extensive parenchymal infarct-like changes and ischemic lesions in cerebral
intervascular boundary zones respectively and type 4 in adulthood with symmetric
reversible abnormalities of the cingulate gyri, temporal lobes, insular cortex sparing
the perirolandic cortex (10). Bilateral microcystic periventricular leukomalacia was
observed in the frontal and posterior peritrigonal white matter (63).
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•

Cerebral proton magnetic resonance spectroscopy (1H-MRS) in treated

patients with argininosuccinic aciduria has shown contradictory results with either
increased (52, 53) or decreased (71) brain guanidinoacetate and creatine contents in
both white and grey matter. L-arginine supplementation has been used to correct low
systemic creatine levels observed in urea cycle defects (72) but this was claimed as
causing elevation of brain guanidinoacetate levels (53).

b) Liver
Chronic hepatomegaly and/or elevated transaminases (up to 10 times above the
normal range) are the most common reported signs (61, 73) and can be the first
symptom leading to the diagnosis (74). In treated patients, high doses of L-arginine
supplementation (500 mg/kg/d) have increased transaminases and plasma
argininosuccinic acid levels suggesting an argininosuccinic acid-mediated liver
toxicity (75). Also hepatomegaly can be increased during hyperammonaemic
episodes, the conventional treatment aiming to decrease ammonaemia usually does
not modify the enlarged volume of the liver in argininosuccinic aciduria (66).
Mild liver failure as defined by impairment of liver synthetic functions can be
observed (76). Fibrosis (74, 77) and cirrhosis (76) have been reported.
Hepatocellular carcinoma has been reported even in children (78).
Liver biopsies can be normal (73) or show non-specific changes similar to other urea
cycle defects: pale or swollen hepatocytes (40, 74, 79), inflammation, cholestasis,
micro- or macrovesicular steatosis (40, 79), glycogen deposits (73, 74), progressive
fibrosis (74, 77), cirrhosis (76, 80) or acute pericentral necrosis after a fatal acute
hyperammonaemia (42). Glycogen deposits in urea cycle defects are not well
understood as enzyme activities of glycogen metabolism are normal (81). This could
be caused by a carbohydrate-enriched diet and essential amino acid mixtures with
high leucine content used in the treatment of urea cycle defects (81), as leucine
triggers insulin secretion and glycogenogenesis (82). Electron microscopy shows
enlarged

mitochondria

with

dense

matrix

mitochondrial dysfunction (73).
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The understanding of the frequency and, in some cases, the severity of the liver
disease in argininosuccinic aciduria remains poor: ammonaemia or argininosuccinic
acid-mediated toxicity (75), elevated citrulline, impaired reparative process after
hepatocyte

necrosis

(79),

nitric

oxide

deficiency

associated

with

hepatic

hypoperfusion and liver ischemia (76, 83) have been proposed. It is acknowledged
that the progression of the liver disease in argininosuccinic aciduria is independent of
the control of ammonia and can continue despite adequate treatment (74).

c) Systemic hypertension
High blood pressure has been observed in patients with either early- or late-onset
phenotypes and without correlation between the age and the severity of arterial
hypertension. For example, two reported patients with early- and late-onset
phenotypes were diagnosed with high blood pressure at 17 and 6 year-old
respectively. The first patient required a monotherapy but the second developed a
refractory hypertension, which responded to nitrite therapy (84, 85). Arterial
hypertension in argininosuccinic aciduria is likely to have a low prevalence (86). This
arterial hypertension in argininosuccinic aciduria has been associated with impaired
eNOS-dependent nitric oxide production in endothelial cells and subsequent
abnormal relaxation of the main vessels such as aorta as observed in an ASLdeficient mouse model (85).
Neonatal pulmonary hypertension has been reported in neonates carrying a
polymorphism (Thre1405Asn) in the carbamoyl-phosphate synthetase type 1 (CPS1)
gene, affecting the N-acetylglutamate binding domain of the enzyme considered as a
rate-limiting step in the urea cycle (87). Plasma levels of arginine and nitric oxide
metabolites were decreased suggesting a disturbed vasoregulation of the pulmonary
arteries caused by an impaired urea cycle metabolism leading to hypoargininaemia
and nitric oxide deficiency.

d) Kidney
Recurrent electrolyte disturbances with hypokalaemia (18) and long-term impairment
of renal function (86) have been reported. This could be associated with an increase
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waste of potassium excretion and tubular dysfunction. Nephrolithiasis have been
described (88).

e) Hair
Hair abnormalities have been described essentially in late-onset phenotype (89):
i) Trichorrhexis nodosa is a morphological abnormality of the hair shaft with
thickening and nodes, which can break easily. Children can present with brittle, dry
and short brush-like hair, as young as 1 year-old (90), and do not require any hair cut
since birth as reported for some 7-year old patients (64, 91). This “aminogenic
alopecia”

or

“arginine-responsive

alopecia”

responds

well

to

L-arginine

supplementation (92).
ii) Monilethrix (from the Greek “monile” meaning necklace and “thrix” meaning hair) is
the morphological aspects of expansion and constriction of the hair with an aspect of
strings of beads,
iii) Pili torti with an aspect of flattened hair twisting on its axis (89).
The hair contains 10.5% of L-arginine. As arginine is an essential amino acid in
argininosuccinia aciduria, it has been suggested that chronic hypoargininaemia might
explain these hair features (18).

f) Miscellaneous
Like other urea cycle defects, protein aversion, poor appetite, frequent vomiting are
common features (71, 93). Recurrent gastrointestinal symptoms including profuse
diarrhoea have been described (94).
Increased frequency in caries have been noticed (64). Other symptoms such as
severe dermatitis of the face and genital area (61) or L-arginine-responsive “dry,
scaly skin” (95) have been mentioned. The symptoms affecting teeth or skin are
rarely associated with other urea cycle defects. It is interesting to note that these
symptoms could be at least partly explained by nitric oxide deficiency due to the
losses of the protection against gastrointestinal infection, the antimicrobicidal effect of
nitric oxide in the mouth, the anti-inflammatory properties of nitrated lipids (96).
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g) Asymptomatic
Rüegger et al described a cohort of mild patients affected by argininosuccinic
aciduria with 11/31 (36%) being asymptomatic (97).

h) Pregnancies in women affected with argininosuccinic aciduria
Various uneventful pregnancies in argininosuccinic aciduria have been reported (15,
88, 98). A careful monitoring of the dietary needs is crucial with progressive increase
of the protein intake especially in the last trimester of the pregnancy. Plasma
glutamine level is a reliable biomarker for monitoring the urea cycle function (88). No
teratogenicity in argininosuccinic aciduria has been characterised although a
dysmorphic neonate was reported but with doubts about the causing effect of a
familial genetic trait (99).
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1.2.4 Diagnosis
Common biomarkers can help in suspecting the diagnosis:

a) Hyperammonaemia
A large spectrum of plasma ammonia levels can be observed at diagnosis from
severe hyperammonaemia > 4,500 μM in neonatal-onset disease (63), up to normal
levels in late-onset forms. Chronic hyperammonaemia and acute hyperammonaemic
decompensations are less frequent in argininosuccinic aciduria compared to other
proximal urea cycle defects like carbamoyl phosphate synthetase deficiency,
ornithine transcarbamylase deficiency or argininosuccinate synthase deficiency as
assessed by less frequent prescriptions of ammonia scavenger drugs (97, 100, 101),
the longest “honeymoon period” defined as the time between discharge after the
initial hyperammonaemic episode and readmission for a second one (59). Normal
ammonia

levels

can

be

obtained

with

protein-restriction

and

L-arginine

supplementation alone without the need of ammonia scavengers (76). This is
probably explained by the fact that similarly to urea, the molecule of argininosuccinic
acid contains 2 nitrogen moieties and contributes directly to nitrogen excretion (102).
However this introduces the paradox of argininosuccinic aciduria: among urea cycle
defects, this disease shares with arginase deficiency the particularity of presenting a
lower rate of hyperammonaemic episodes and an easier control of chronic
hyperammonaemia but displays higher rates of neurological sequelae (7, 15, 17, 59,
86, 88) and liver disease (74).

b) Argininosuccinic acid
Argininosuccinic acid is a pathognomonic biomarker of the disease in biological
fluids. This explains why enzymatic studies and molecular analysis are less
frequently performed in this disorder as identification of argininosuccinic acid in
biological fluids is enough to confirm the diagnosis (59). Concentration of
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argininosuccinic acid is twice as high as in cerebrospinal fluid than in blood (15). To
detect small amount of argininosuccinate, liquid chromatography/tandem mass
spectrometry (LC-MS/MS) has been reported more sensitive compared to ion
exchange chromatography (IEC) (103).

c) Plasma amino acids profile shows raised citrulline, abnormal levels of
argininosuccinic acid and decreased L-arginine levels (See Figure 5 and Section
1.2.2) (62). Raised glutamine and glutamate are biomarkers of hyperammonaemia
(See Figure 6 and Section 1.2.2) (104).

iv) Diagnostic confirmation can be performed via argininosuccinate lyase
enzymatic analysis in fibroblasts, liver or red cells or via hASL sequencing. Various
methods have been reported: the study of the direct forward reaction i.e. the
conversion of argininosuccinic acid into fumarate can be detected by fluorometric
method or a combined assay with arginase and detection of urea by the Jung
fluorometric method (85). The study of the direct reverse reaction studies the
transformation of labelled
arginine with labelled

14

14

C-Argininosuccinic acid formation after incubation of L-

C-fumarate (105) or 13C-L-Glutamine (106).

v) Prenatal diagnosis is possible by chorionic villus biopsy, amniocentesis or fetal
blood sampling for argininosuccinate lyase enzymatic analysis or DNA sequencing
(107).

1.2.5 Therapeutics
a) Acute hyperammonaemia
Acute management of a metabolic decompensation requires intravenous ammonia
scavenger

drugs

(sodium

benzoate

and/or

phenylbutyrate),

L-arginine

supplementation, stopping all protein intake and maintenance of anabolism with
hypercaloric intake based on carbohydrate and lipids exclusively. An early and
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careful management of electrolyte disturbances and prevention of intracranial
hypertension is crucial. If ammonaemia is >500 μM, an extrarenal removal of the
ammonia in excess needs to be actively pursued with continuous veno-venous
hemodiafiltration or peritoneal dialysis (12). This requires central venous access and
admission in intensive care units.

b) Conventional treatment
The best-accepted treatment aims to control ammonia levels and correct L-arginine
deficiency. This is a lifelong treatment.
i) A specific diet is the basis of the day-to-day management. This combines i) a
protein restriction to decrease the production of ammonia from the catabolism of
proteins and ii) a sufficient energy intake to prevent catabolism and proteolysis (108).
National guidelines and practice vary slightly between European countries (Figure
8). This diet requires specific dietary supplements enriched in energy, vitamins, and
trace elements based on standard age-related requirements in parallel with close
monitoring of the nutritional status to avoid deficiencies. Excessive protein restriction
may

cause

severe

amino

acid

imbalance

precipitating

catabolism

and

hyperammonaemia. When protein intake is too low and compromise growth and
metabolic control, a supplementation with essential amino acids is recommended
(12). This mixture contains less amino acids involved as neurotransmitter precursors
(tryptophan, phenylalanine, tyrosine) and a larger amount of branched chain amino
acids (108). Indeed hyperammonaemia facilitates the crossing of the blood brain
barrier to some large neutral amino acids, especially amino acid precursors,
associated with increased cerebral levels of serotonin levels (See Section 1.2.2).
High doses of sodium phenylbutyrate, one of the ammonia scavengers, is associated
with a decrease of branched chain amino acids, which justifies the increased content
of these branched chain amino acids in essential amino acids mixture for patients
with urea cycle defects (109). This diet presents various difficulties. This allows
survival, but does not prevent later decompensations and a poor quality of life (110).
Compliance is sometimes difficult especially during the adolescence and in recently
diagnosed patients with late-onset phenotype who have not been used to this
specific diet in their early years. This diet is expensive as illustrated by the cost of the
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lifetime management of patients with organic acidaemias, another inherited metabolic
disease

requiring

a

similar

diet

and

recurrent

hospitalisations

for

acute

decompensations, reported to be $1,500,000 (111).

Figure 8. Median protein intake in argininosuccinic aciduria by age and
country of origin in Western Europe
Data compiled from (108, 112-116)

ii) Ammonia scavenger drugs, such as sodium benzoate, sodium phenylbutyrate
(117) or glycerol phenylbutyrate, can be necessary to control ammonia levels on a
day-to-day basis. They are prescribed orally up to 4 times a day or intravenously for
acute management. Carglumic acid is an allosteric activator of carbamoyl-phosphate
synthase, the rate-limiting enzyme of the urea cycle, which can be prescribed in
emergency (12).
iii) L-arginine supplementation divided in several doses daily aims to compensate
hypoargininemia. High doses (500 mg/kg/d versus 100 mg/kg/d) increase the levels
of transaminases (75). The recommendation is to find the minimal effective dose to
normalise L-arginine levels (118).
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When the patient is at risk of decompensation, for example experiencing an
intercurrent illness, performing an unusual physical exercise, having a fasting period
or a surgery, the patient needs to follow specific protocols to adapt his/her treatment
accordingly. The protein content of the diet is reduced or stopped and/or the
ammonia lowering medications increased to prevent an acute hyperammonaemic
decompensation.

c) Liver transplantation
Liver transplantation is a potentially curative therapeutic strategy for urea cycle
defects (119). Liver transplantation works as an enzyme replacement therapy and
allows the restoration of a functional urea cycle with normalisation of ammonaemia.
As a result, the diet can be normalised and ammonia scavengers can be stopped
without risking acute decompensations. Transplants can improve the neurological
development and better learning and memory capacities are achieved with a better
metabolic control of ammonia; however neurologic sequelae persist (120) even when
a transplantation has been performed as early as at 18 months of age (76). A liver
transplant does not correct high plasma argininosuccinic acid and citrulline levels and
L-arginine remains an essential amino acid as the main endogeneous arginine
supply, synthetised by the kidney (See Figure 4 & Section 1.2.2), remains affected
as the argininosuccinate lyase deficiency persists in extrahepatic tissues (76).
Transplants can prevent long-term ammonia-related neurological complications but
may not solve the long-term effects of the disease in extrahepatic tissues.
Therefore, indications for liver transplantation in argininosuccinic aciduria are
restricted to:
i) Severe phenotypes, ideally at early age between 3 and 12 months of life, before
irreversible neurological damages caused by hyperammonaemia occur (12, 40).
Liver transplantation can cure the urea cycle-associated symptoms but is another
disorder

in

itself

with

its

own

morbidity,

mortality,

need

for

lifelong

immunosuppression. Moreover there is a lack of donors. Therefore <8% of patients
affected by urea cycle defects undergo liver transplantation with 88% and 78% of
patient and graft survival respectively in < 2 year-old patients (121). Liver
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transplantation in children <1 year-old is known to be associated with an increased
risk of morbidity and mortality (122, 123).
ii) Severe liver cirrhosis (18).

d) Cell therapy
Hepatocyte transplantation allows a transient metabolic control of the disease and
can be used as a “bridge to liver transplantation” (124). This “bridge to transplant”
approach

is

preferred

for

patients

with

severe

phenotype

and

recurrent

hyperammonaemia despite optimised medical treatment (125). This 2-steps strategy
has been successfully tested in argininosuccinic aciduria with improvement of
psychomotor development and increase of argininosuccinate lyase activity in the liver
from undetectable level to 3% at 8 months after 3 series of infusions (105). Fresh or
cryopreserved hepatocytes can be used and infused in the portal vein. The poor
engraftment rate and viability of hepatocytes, the need of immunosuppression and
the risk of metabolic decompensation associated with the procedure (126) are
complications to balance when assessing the risk-benefit of this therapeutic option.

e) Nitric oxide supplementation
In case of impaired citrulline-nitric oxide cycle, the nitrate-nitrite-nitric oxide pathway
is a rescue path for delivering nitric oxide to the argininosuccinate lyase-deficient cell
(49). As argininosuccinic aciduria is associated with systemic nitric oxide deficiency,
nitric oxide supplementation has been proposed. Organic nitrate later changed for
sodium nitrite supplementation (127) was successfully reported in one patient
suffering from refractory hypertension. This allowed a normalisation of the blood
pressure

and

the

progressive

stop

of

all

antihypertensive

drugs.

Some

neurocognitive parameters were mildly improved (85). To validate the long-term
benefit of nitric oxide supplementation, a randomised clinical trial versus placebo is
currently recruiting (Clinical trials numbers NCT02252770 and03064048 from
clinicaltrials.gov accessed on 06/04/2017). A dietary supplementation in nitriteenriched food such as beetroot juice has been proposed as well (96).
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1.2.6 Long-term outcome

Any acute hyperammonaemic episode requires prompt management to avoid or
reduce life-threatening concentrations of ammonia. Any delay in diagnosis and/or
appropriate management increase the risk of neurologic sequelae or death. After the
initial decompensation that leads to the diagnosis, these patients suffer recurrent
hyperammonaemic crisis causing poor long-term outcomes with high rates of
mortality and neurodisability.
Survival in historical cohorts was 75-100% in early-onset phenotype (90, 101, 128)
and 50-100% in late-onset phenotype (6, 17, 128).
Neurological outcome is poor with developmental delay in 30-100% (3, 7, 59, 97,
129-131), abnormal fine motor movements (58%), muscular hypotonia (22%), ataxia
(27%), attention deficit hyperactivity disorder (ADHD) (30%), epilepsy (19-55%) and
abnormal electroencephalogram (54%) (7, 63, 86). Also a neurodevelopmental delay
is usually diagnosed during the first 2 years, it can be sometimes challenging to
prove it even in late childhood. Mild neurological symptoms can be difficult to
recognise in young children until the first years of schooling. Therefore it is important
to monitor carefully these patients during follow-up as some neurological or systemic
symptoms can appear over time independently to the severity of hyperammonaemia.
That could explain the apparent heterogeneous rate of neurological complications.
For instance, neonatally screened and prospectively treated patients with
argininosuccinic aciduria, who have never experienced acute hyperammonaemic
decompensation develop in the long-term learning disabilities (35-38%), epilepsy (031%), and EEG abnormalities (45-48%) (15, 17).
Overall it is now recognised that “novel therapeutic strategies are needed for
severely affected patients with argininosuccinic aciduria to improve their currently
bleak neurological prognosis” (21).
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1.2.7 Phenotype-genotype correlation
Compared with other urea cycle defects, few mutations have been reported so far
likely because argininosuccinic acid is a pathognomonic marker of the disease and
molecular analysis is not necessary for the diagnosis (35). 134 disease-causing
mutations have been reported so far with missense mutations (n=92), nonsense
mutations (n=14), splice site mutations (n=13), small deletions (n=8), small
duplications (n=4), indel mutations (n=2) and one large mutation. These mutations
have been described in all exons except exon 1. No hotspot mutations are observed
but the exons 3, 4, 6, 7 and 9 are more frequently affected and represent 41% of the
mutations for only 25% of the coding DNA sequence. Exons 4, 6 and 12 involved
closely in the active site of the enzymatic protein may have more severe phenotypes
(21). Three founder mutations have been reported: the Finnish mutation c.299T>C
(61) and Saudi Arabian mutations c.1060C>T (18) and c.346C>T (132). The other
mutations have been described with panethnic occurrence.
Some phenotype-genotype correlations are supported by in silico analysis of the 3dimensional structure of argininosuccinate lyase. For example, the arginine in
position 186 plays a key-role in the tetramer formation and any change is predicted to
be deleterious. Reported p.Arg186Trp and p.Arg186Gln have both been associated
with severe phenotypes. Same observation has been published for glutamine in
position 286 affecting a loop in domain 3 involved in substrate entry and exit (21).
There is a large spectrum of clinical phenotypes in argininosuccinic aciduria from
early-onset disease with severe hyperammonaemia to asymptomatic urinary
excretion of argininosuccinic acid (15, 17). The molecular basis of the disease is not
well understood and several hypothesis have been proposed: tissue-specific hASL
expression (124, 133-135), intragenic complementation (136, 137), hASL expression
regulated via methylation through development (138), alternative splicing events with
partial exon deletions (139, 140), high frequency of hASL transcript variants
underlying an increased formation of stable mutant homo or heterotetramer with
dominant negative effect on argininosuccinate lyase activity (24).
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1.2.8 Newborn screening

Newborn screening for argininosuccinic aciduria has been reported either by
measuring plasma citrulline in dried blood spots (18, 141, 142) or blood or urinary
argininosuccinic acid (15, 143, 144).
Patients diagnosed by newborn screening and treated prospectively from birth
without experiencing acute hyperammonaemia seem to develop an attenuated
neurological disease with learning disability, mild developmental delay, seizures
and/or abnormal electroencephalogram (15, 17):
i) Margalith et al were the first to describe a patient neonatally screened who
developed with a borderline IQ at 7 year-old and mild ataxia (145).
ii) Ficioglu et al described 13 patients diagnosed after a screening performed from 4
to 6 weeks of age in > 630,000 infants born in Massachussetts between 1969 and
1978. These patients received a conventional treatment initiated within the first 6
months of life. They never developed acute hyperammonaemia; 9 of them developed
mild neurological abnormalities including learning difficulties (5/13; 38%), seizures
(4/13, 31%) or abnormal electroencephalogram (6/13, 48%) and 4 were
asymptomatic after 13 to 33 years of follow-up. In comparison, patients with lateonset phenotype, who did not benefit from an early screening, were diagnosed
between 1.5 and 15 years old, had all severe delay with an IQ of 40-60, epilepsy and
ataxia (15). The assumption of a better control of ammonia levels and/or early
correction of hypoargininemia and downstream metabolites was supposed to explain
this clinical benefit.
iii) A neonatal screening programme performed in Austria tested >1,400,000
neonates between 1973 and 1990. 12 patients had a diagnosis of argininosuccinic
aciduria confirmed by detection of ASL activity in red blood cells. A conventional
treatment was initiated within the first 6 months of life, which prevented any acute
decompensation later in life. No developmental delay (IQ ranging from 92 to 132) and
attendance of mainstream schooling were observed for all patients. However 5
patients (40%) had abnormal electroencephalogram pattern, some developed raised
transaminases and trichorrhexis nodosa that corrected when L-arginine doses were
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increased (95). This dramatic improvement of the long-term neurological outcome
was balanced by a publication 18 years later, in which this cohort was expanded and
showed 35% mental retardation (6/17; 35%) and abnormal electroencephalogram
pattern (4/9 ; 45%) but no epilepsy (17).
iv) In an European cohort of 31 patients affected by argininosuccinic aciduria with
either a mild phenotype or asymptomatic, 13 (46%) and 3 (10%) were diagnosed by
newborn screening or familial history respectively. These patients were treated early
and presented a low frequency of acute hyperammonaemic crisis (23%), the lowest
compared to all other urea cycle disorders. However the mental retardation in this
cohort was by far higher (65%) compared to other proximal urea cycle defects like
ornithine transcarbamylase deficiency (31%) and argininosuccinate synthase
deficiency (16%) (97). A large proportion of patients with argininosuccinic aciduria
diagnosed by newborn screening remained asymptomatic but some developed
symptomatic hyperammonaemia despite some carrying a genotype predicting a
« mild » course. Overall clear conclusions from this study were difficult to draw as all
patients were presented in a same cohort whatever their symptoms of diagnosis and
the age at the start of treatment, although half of the patients having been treated
prospectively from birth and the other half not.
The neurological outcome of the patients diagnosed by newborn screening is
significantly better compared with outcome from patients presenting symptomatically
with a diagnostic delay. However newborn screening might diagnose asymptomatic
or mildly symptomatic patients, who will not have been diagnosed otherwise.
Consequently it is difficult to conclude that an early treatment modifies the
neurological phenotype.
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1.2.9 Animal models

A severe argininosuccinate lyase-deficient mouse model was first described by ReidSutton et al (146). The phenotype showed early hyperammonaemia causing lethality
within the first 48 hours of life. Liver ASL residual activity in mutants was 2 to 5% of
wild-type ASL activity. No abnormal levels of nitrite or creatine metabolites were
observed. As the mice died very early after birth, this might explain why some
phenotypic features might not have been observed.
A hypomorphic mouse model of argininosuccinate lyase deficiency, the AslNeo/Neo
mouse, was described recently with an insertion of the neomycin cassette in the 9th
intron of the murine Asl gene. More than 75% of the mutant mice died within the first
month of life displaying hyperammonaemia, a multi-organ disease, abnormal plasma
levels of urea cycle-related amino acids and systemic nitric oxide deficiency. The
residual argininosuccinate lyase activity in the liver was 16% (32).
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1.3 Gene therapy for monogenic disorders
The liver is a major metabolic organ responsible for manufacturing new proteins such
as clotting factors, detoxification of by-products, for example, those from amino acid
metabolism, energy production and many other functions. Impairment of these
metabolic pathways lead to various inherited genetic/metabolic diseases (147).
Although several disease-specific conventional therapies have been described, liver
replacement therapies such as whole or partial liver transplantation (148) or
hepatocyte infusions (149), represent a potential therapeutic approach for severe
monogenic liver disorders in restoring the defective pathway (150). However the
shortage of liver donors, the mortality/morbidity associated with these procedures
and lifelong required immunosuppression challenge a broad application of this
strategy and limit it to severely affected patients (12). In the past decades, liverdirected gene therapy has progressively achieved promising results and is now rising
as a valid alternative to liver replacement therapies for monogenic liver disorders.
As argininosuccinic aciduria remains a life-threatening disease with poor long-term
neurological outcome, new therapeutic strategies have to be explored. Liver-directed
gene therapy has successfully reached early phases clinical trials and is a realistic
approach for liver inherited metabolic diseases with unmet needs.

1.3.1 Overview of gene therapy development

Gene therapy consists in replacing a defective gene by its correct copy in the
affected cell. The European Medicines Agency (EMA) defines a gene therapy
medicinal product (GTMP) as “a biological medicinal product which fulfils the
following two characteristics: (a) it contains an active substance which contains or
consists of a recombinant nucleic acid used in or administered to human beings with
a view to regulating, repairing, replacing, adding or deleting a genetic sequence; (b)
its therapeutic, prophylactic or diagnostic effect relates directly to the recombinant
nucleic acid sequence it contains, or to the product of genetic expression of this
sequence.”
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(http://www.ema.europa.eu/docs/en_GB/document_library/Scientific_guideline/2015/
06/WC500187744.pdf). Regulators differentiate germline gene therapy, in which the
therapeutic gene will be passed to the next generation, and somatic gene therapy.
Only somatic gene therapy is authorised by law.

Gene therapy has been investigated for more than 40 years to achieve the bedside
as a novel therapeutic option for monogenic disorders (151). The principle initially
considered was the supply of a non-mutated copy of the mutated gene, which could
synthesise a deficient protein and subsequently restore a physiolocal pathway and
correct the phenotype. With the development of gene-editing technology, the delivery
of genome editing tools or non-coding RNA able to modulate gene expression widely
open the possibilities of interfering with pathophysiological processes (152).

The Gartner Hype cycle is a tool developed to assess the maturity of novel
technologies and this modelisation can be applied to gene therapy (Figure 9). Gene
therapy reached its “peak of inflated expectation” in the mid-1990s driven by a rapid
increase in clinical trials and the demonstration of proof-of-concept studies for
genetic and acquired conditions such as adenosine-deaminase deficiency (ADASCID) (153, 154) and brain tumors, respectively (155). This excessive appeal was
criticised in a report commissioned by the National Institute of Health, the OrkinMotulsky report (156). This report emphasized the need for a better understanding of
the mechanisms observed in gene transfer to improve the safety profile of this
emerging technology. Soon after the death of a young adult in a clinical trial for
ornithine transcarbamylase deficiency (OTCD), the field fell into its “trough of
disillusionment” (157). The clinical success reported in the treatment of X-linked
severe combined immunodeficiency (SCID-X1) (158) was soon overcome by the
occurrence of leukaemia in 5 patients (out of 20) secondary to insertional
mutagenesis causing the death of one patient (159-161). These concerns about
insertional mutagenesis were further complicated by growing evidence of the
challenges imposed by vector-induced immune responses (162). This led to a
decline in financial investment (163). In parallel, scientific research was digging the
ground to better understand the underlying causes of these adverse events, which
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subsequently laid the foundations for the recent clinical successes in various
inherited orphan diseases such as Leber’s congenital amaurosis (164-166), X-linked
adrenoleukodystrophy (167), metachromatic leukodystrophy (168) and haemophilia B
(169) and the first market authorisation granted by the European Medicines Agency
(EMA) in 2012, to Glybera® for lipoprotein lipase deficiency (170). This shed a new
light onto the field, which is now following a “slope of enlightenment” and
progressively reaching a “plateau of productivity”. Various biotechnology companies
have been created dedicating their efforts to gene therapy development and
receiving substantial financial investment from venture capitalist funds (171). In
accordance, the number of gene therapy clinical trials has risen rapidly with more
than 2,400 clinical trials completed, ongoing or approved in 2017 in 37 different
countries (172, 173) .
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Figure 9. The Gartner Hype cycle of gene therapy
ADA-SCID adenosine deaminase-severe combined immunodeficiency ; GSK: Glaxo-Smith-Kline; HFH Homozygous familial
hypercholesterolaemia ; OTC ornithine transcarbamylase deficiency ; SCID-X1 severe combined immunodeficiency X1.
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1.3.2 Strategies for gene transfer

Various possibilities can support a successful gene transfer to the targeted organ or
cell (Figure 10).

Vector
Delivery

• Transgene casse*e
• Promoter

• Dose

• Regulatory elements

• Route

Host immunity
• against the capsid
• against the transgene product

Figure 10. Factors influencing gene transfer

Vector construct
The vector contains 2 elements: the transgene cassette and a facultative envelope,
which influences the efficacy of transduction.
The transgene cassette contains i) a transgene, commonly a coding DNA sequence,
which can be codon-optimised to achieve higher expression of the transgene
product, ii) a promoter, which critically determines the cell-type restricted specificity of
expression, the level of expression of the transgene, and is involved in insertional
mutagenesis, iii) various pre- and/or post-regulatory elements to stabilise transgene
messenger RNA and therefore increase the yield of transgene product e.g. addition
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of an intron downstream the promoter containing a bacterial replication origin (174) or
the woodchuck hepatitis post-transcriptional regulatory element (WPRE) (175),
respectively.
An envelope is not necessary to deliver the transgene cassette to the target
cell/organ (176). Therefore, various approaches have been developed with either
non-enveloped DNA, non-viral or viral vectors.
i) Naked DNA, also called plasmids (177, 178) or mini-circles (179-181), is a simple
mode of transgene delivery. Mini-circles are devoid of plasmid backbone DNA, which
enhance transgene expression by overcoming heterochromatin formation and
avoiding inflammation triggered by bacterial DNA (182). The main advantages are a
relatively non-immunogenic method and no risk of viral replication compared to some
viral vector approaches (183), an easy production with a good safety profile and the
ability to elicit long-lasting transgene expression in post-mitotic tissues (183, 184).
However this approach hardly allows transgene expression to a level, which can
achieve phenotypic correction in monogenic disorders, thus limiting currently
translatable options.
ii) Non-viral vectors use the chemical properties of engineered nanoparticles such as
liposomes or polymers to form bioparticles encapsidating the transgene (185). An
easy production, no restriction of the transgene size, and a reliable safety profile
have made this approach appealing but the stability, cellular uptake and limited ability
of the particles remain barriers preventing long-lasting transgene expression (186).
iii) Viral vectors use the ability of viruses to easily transduce human cells. This is
currently the most popular approach to deliver a therapeutic transgene. Several viral
vectors have been developed and are now in clinical trials: adenoviral, retroviral,
adeno-associated viral (AAV) and lentiviral vectors are among the most popular for
clinical translation (Table 3).
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Non viral
vector

Retroviral /
lentiviral vector

Adenoviral
vector

Double-stranded Double-stranded
RNA (9.2 kb)
DNA (36 kb)

Adeno-associated
viral vector
Single-stranded
DNA (4.7 kb)

Wild type virus

None

Derived from
pathogenic virus

No

Yes

Yes

No

Size of transgene

No limit

14 kb

7.5 kb

4.9 kb

No

Yes

No

Rarely

High

Low

High

High

Long-lasting
transgene expression

No

Yes

No

Yes

Target dividing and
non-dividing cells

Yes

Yes

Yes

Yes

Safety issues

No

Insertional
mutagenesis

Inflammatory
response

? Insertional
mutagenesis

Insertion to host
genome
Achievable titre

Table 3. Features of different strategies for gene delivery
Adapted from Simonato et al (187)

Vector delivery
Parameters involved in the delivery are crucial for efficacy.
i) Finding the minimal effective dose is essential. If low dose might prevent efficacy
(188), high doses of vector generate more severe immune responses and might
therefore have a limited benefit (157, 189).
ii) The route of delivery is a fundamental consideration, which depends on the organ
or cell type to transduce. A local injection will reach more easily the target, will limit
the loss of vector caused by biodistribution and the initiation of immune response.
For liver-directed gene therapy, peripheral intravenous injection provides a similar
transduction compared to intraportal or intrahepatic routes for AAV vectors (190,
191). iii) Compared to in vivo delivery, ex vivo gene therapy relies on host cells
collected and transduced in vitro before reinjection to the patient. This approach has
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been very successful with integrating vectors i.e. retroviral and lentiviral vectors for Xlinked

severe

combined

immunodeficiency

(SCID-X1)

(158),

and

X-linked

adrenoleukodystrophy (167) and metachromatic leukodystrophy (168), respectively.
For liver monogenic disorders, this has been only reported once in a trial for
homozygous familial hypercholesterolaemia with very limited efficacy (192).

Host immune responses
Innate or adaptive immune responses can be directed either against the viral capsid
or the transgene product. Immune responses can generate severe symptoms from
flu-like symptoms to multi-organ failure and death. In parallel to these safety
concerns, immune reactions might preclude the therapeutic effect of gene therapy in
neutralising the vector or in reacting against the transgene product before and after
transduction, respectively (193-195).
The innate immune response is non-specific and triggered by antigen presenting
cells such as dendritic cells or macrophages initiating the release of proinflammatory
cytokines (interleukins 1 and 6, tumor necrosis factor α (TNFα), type I interferon α
and β) via stimulation of Toll like receptors (TLR). Adenoviruses are known to be very
immunogenic and trigger a severe innate immune response, which has been deemed
responsible for severe adverse events observed in clinical trials for ornithine
transcarbamylase deficiency (157) or haemophilia A (196).
Specific and long-lasting immune response generates B- and T-cell responses with
secretion of neutralising antibodies by plasmocytes and CD8+ cytotoxic T
lymphocytes, respectively. Whatever the viral vector considered, immune responses
share various similarities (197-201). For example, it was suggested that T-cell
mediated cytotoxicity could be the cause of the raise of transaminases observed 8 to
12 weeks after liver-directed gene therapy mediated by AAV vectors for haemophilia
B (202-204). The recognition of antigenic epitopes from the AAV capsid presented at
the surface of the transduced cell would trigger the immune response.
Any preexposure to a wild-type viral serotype, which has a similar antigenic motif to
the capsid of a viral vector, might be responsible for a cross-reactivity of the immune
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system of the host. This immune memory of pre-exposure to wild-type viruses can
prevent efficient cell transduction by pre-existing neutralising antibodies and might
potentiate an adaptive immune response caused by memory T cells. To prevent this,
clinical trials using AAV vectors for instance are recruiting patients who don’t have
neutralising antibodies against the vectorised capsid. This narrows the population,
which might benefit from the gene therapy product.
After vector injection, patients will generate high levels of antibodies against the
injected capsid (188, 204).

1.3.3 Liver-directed gene therapy: clinical applications

Various clinical trials using viral vector-mediated gene therapy have been conducted
for liver monogenic disorders.

During the 1990s, retroviral vectors with ex vivo gene therapy have been used in
homozygous familial hypercholesterolemia. The results showed a mild improvement
of lipid profiles in 2 patients with a very low rate of stable engraftment at 4 months
after gene therapy injection (192, 205). But the risks were by far outweighing the
benefit of this approach with the need of two invasive procedures: i) the surgical
resection of a liver lobe to harvest enough primary hepatocytes for transduction as
hepatocytes cannot be expanded in culture and ii) the reinjection of transduced
hepatocytes into the portal circulation via a local catheter, with the associated risks of
venous thrombosis, catheter misplacement and haemorrhage. Moreover the
efficiency with which hepatocytes were harvested and transduced was low, 30% and
10% respectively (205). Later retroviral vectors were used in vivo in haemophilia A
patients: a single intravenously injection was well tolerated but did not show
significant clinical benefits (206). Currently a lentiviral vector, which is a retroviral
vector with a safer profile with a reduced risk of insertional mutagenesis, is currently
in preclinical development for haemophilia B (207).
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Adenoviral vectors have been considered as the leading viral vector for liver gene
therapy in the 1990s. For instance, a second-generation adenoviral vector of
serotype 5, from which proviral DNA sequences E1- and E4- had been deleted, was
tested in ornithine transcarbamylase deficiency. A young adult with late-onset
ornithine transcarbamylase deficiency, Jesse Gelsinger, died after developing a fatal
acute toxic reaction with fulminant inflammatory response and multi-organ failure
hours after the injection of the vector (157). Innate immune response was
hypothesised as the cause of the fatal outcome (157) although the reason for the
severity of this immune response remained unclear as another patient injected with
the same dose only exhibited mild flu-like symptoms. A genetic predisposition or an
immune memory response caused by pre-exposure to adenoviruses might have
potentially been responsible for this discrepancy (208). To limit immune responses,
“gutless” or helper-dependent adenoviral vectors (HD-Ad) were developed by
deletion of all coding regions of the proviral DNA except the inverted terminal repeat
sequences (ITR) in 5’ and 3’ untranslated regions (UTR) and the packaging signal
(Ψ) required for gene expression and encapsidation of the adenoviral genome,
respectively (209). A trial using this helper-dependent vector was developed for
haemophilia A. The trial was prematurily stopped as the first patient developed flulike symptoms and increased levels of transaminases within a week after injection.
The patients showed no increase of plasma factor IX (196, 210, 211).

Since 2004, adeno-associated viral vectors (AAV) vectors have emerged as the
leading candidates for gene therapy in monogenic liver disorders with the best
accepted benefit-risk ratio (207). In 2004, an AAV2 vector was tested in haemophilia
B patients and administered via the hepatic artery. This demonstrated a transient
increase of plasma FIX from <1% to 3-11% during 4 weeks followed by a gradual
decline over 4 to 8 weeks concomitant with transient asymptomatic transaminitis
(202), later recognised as T cell-mediated cytotoxicity (203). In 2009, Nathwani et al.,
injected an AAV8 vector via a peripheral vein and reported a long-lasting (up to 6
years) increase of plasma FIX from <1% to 1-7% (212). Transaminitis occurring 7 to
10 weeks post-injection resolved after an oral course of corticosteroids, but was
associated with a decrease of 50-70% in plasma FIX levels attributable to a cellular
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immune response against capsid epitopes (204). More recently, D’Avola et al.
reported results of a trial with an AAV5 vector injected intravenously in acute
intermittent porphyria. No vector-related safety issue was reported but no change in
the levels of metabolic biomarkers was observed (188). This might be explained by a
too low vector dose in order to modify the phenotype and the fact that AAV5 has a
less efficient liver transduction profile compared to AAV8 (213). Several clinical trials
are ongoing for haemophilia B confirming Nathwani’s promising results. After a single
intravenous injection of AAV vectors with different capsids encoding the FIX gene,
plasma FIX levels have ranged from 3-8% in the AMT-060 trial sponsored by
“Uniqure” using AAV5 (214) and the DTX-101 trial sponsored by “Dimension
Therapeutics” using AAVrh10 (http://www.dimensiontx.com) to 20-44% in the highdose cohort of the BAX 335 trial sponsored by Shire using AAV8 (215) and in the
SPK-9001 trial sponsored by Spark Therapeutics/Pfizer using an engineered AAV
(216). In a haemophilia A gene therapy trial, BioMarin reported plasma factor VIII
(FVIII) from 12-306% in the BMN 270 trial with AAV5 (217). Importantly, endogenous
FVIII is primarily secreted by endothelial cells (218). All the AAV-based trials have so
far involved only adult patients, who had no neutralising antibodies against the
capsid. Many monogenic liver disorders in AAV-based gene therapy development
pipelines

of

pharmaceutical

companies

include

ornithine

transcarbamylase

deficiency, glycogen storage disease type Ia, citrullinemia type I, phenylketonuria,
Wilson disease, methylmalonic acideamia and Crigler-Najjar syndrome (219).

Overall liver-directed gene therapy has achieved major milestones in the last 2
decades with the development of safe and efficient AAV-based viral vectors, which
has led to recent clinical successes in haemophilia A and B (Figure 11).
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Figure 11. Clinical trials of liver-directed gene therapy for monogenic liver
disorders
Presentation according to (A) viral vector system or (B) liver disease The dotted line
represents trials expected to start in 2017 and does not pretend to be exhaustive.
AAV: Adeno-associated virus; AIP: Acute intermittent porphyria; CN: Crigler Najjar;
HFH:

Homozygous

familial

hypercholesterolaemia;

OTCD:

Ornithine

transcarbamylase deficiency. If the date of the start of the trial was not available in
ss.gov website (accessed 06/04/2017), the date of publication of the results is
mentioned.
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1.3.4 Adeno-associated virus

AAV vectors have emerged as the leading technology for liver-directed gene therapy
as illustrated by the rapidly increasing number of clinical trials and the publications
demonstrating proof-of-concept in animal models for various liver monogenic
disorders including urea cycle defects, organic acidurias, phenylketonuria, glycogen
storage disease type Ia, long chain fatty acid oxidation disorders, homozygous
familial hypercholesterolemia, primary hyperoxaluria type I, and progressive familial
intrahepatic cholestasis (220, 221).

Adeno-associated viruses naturally have a very safe profile due to being nonpathogenic in humans and dependent on a helper virus for replication.
AAVs are non-enveloped, single-stranded DNA viruses that belong to the
Dependovirus genus and the Parvoviridae family. Initially discovered in 1965 as
contaminant of cultures of adenoviruses (222), the virus was later shown to require
co-infection with a helper virus to replicate. In the absence of helper virus AAV can
enter target cells and establish latent infection through genomic integration and/or
formation of episomes. AAV is considered non-pathogenic and has yet to be
definitively linked to disease causation. AAV virions consist of an icosahedral capsid
of approximately 22 nm in diameter enclosing a 4.7 kilobases single-stranded
genome. The genome is flanked by two 145 nucleotides-long palindromic sequences
of inverted terminal repeats (ITRs) containing all of the necessary cis-acting functions
for proviral rescue, genome replication and packaging. These ITRs present a
secondary structure similar to a hairpin by base pairing self-complementarity of this
145 base pairs sequence and play a key-role in the initiation of replication via
replication binding elements (RBE) binding termination resolution site.
The viral genome contains two main open reading frames (ORF) encoding functional
proteins (Figure 12). The rep gene encodes 4 Rep proteins named according to their
molecular weight: Rep40, Rep52, Rep68 and Rep78. These four proteins are
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synthesised from messenger RNA initiated from the p5 or p19 promoters, each of
which is either spliced or left intact. The two largest proteins Rep68 and Rep78
possess single-strand endonuclease, helicase and ATPase activities required for
DNA replication. They are site-specific and bind with replication binding elements
(223). The two smallest proteins Rep40 and Rep52 retain only the helicase activity
and are required for packaging DNA into capsids.
The cap gene encodes for three capsid proteins VP1, VP2 and VP3 synthetised by
alternative splicing initiated from the p40 promoter and assemble to form the capsid
(Figure 12) (224). The two minor proteins VP1 and VP2 contain additional N-terminal
sequences with nuclear localisation signals and phospholipase A2 activity required
for infection.
The capsid assembly might require expression of an assembly-activating protein
(AAP) encoded by an alternative third open reading frame of the Cap gene and
providing scaffolding activity (225) in some but not all AAV serotypes (226). Once
assembled, the AAV capsid is icosahedral, non-enveloped, and reaches 22 nm of
diameter with a VP1:VP2:VP3 ratio of approximately 1:1:10 (224).

Multiple AAV serotypes have been isolated from humans, non-human primates and
other species (Figure 13). A diversity of cell surface receptors/co-receptors (Table 4)
(227) will bind the viral capsid, which determines species and target cell tropism
(Table 5) (228). For example, AAV3B uses the human hepatocyte growth factor
(hHGF) receptor, which restricts transduction to primates and especially to the liver
(229). If intracellular trafficking pathways remain incompletely understood, a
multiserotype AAV receptor has been recently identified (230), but its precise role in
uptake or trafficking has not yet been elucidated (231).
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Figure 12. Genomic structure of AAV
The 4.7 kb genome contains 2 open reading frames flanked by inverted terminal
repeats (ITR). The rep gene encodes for 4 Rep proteins Rep78, Rep68, Rep52,
Rep40 synthesised from mRNA transcripts initiated from p5 and p19 promoters, each
of which is either left intact or spliced. The cap gene encodes 3 capsid proteins VP1,
VP2, VP3 synthesised from a transcript initiated from p40 promoter. The same
messenger RNA codes for VP2, VP3 and an assembly-activating protein (AAP).
Compared to VP3, VP2 has N-terminal residues (white box) required for infectivity of
the virion.
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Figure 13. Phylogenetic tree of VP1 protein sequence of primate AAV
serotypes
The phylogenetic relationships mentioned are based on the amino acid sequence of
VP1 capsid protein compared with AAV2 serotype and presented in percentage
based on data from Vance et al (113) and Gao et al (232).
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AAV1

Primary receptor
α2,3/α2,6 N-linked sialic acid

AAV2

Heparan sulfate

AAV3

Heparan sulfate

Hepatocyte growth factor receptor

AAV4

2,3 O-linked sialic acid

?

AAV5

2,3 N-linked sialic acid

Platelet-derived growth factor receptor

3-50%

Epidermal growth factor receptor

30-91%

?
Laminin receptor
Laminin receptor

14-90%
33%

α2,3/α2,6 N-linked sialic
acid/heparan sulfate
?
?
Galactose

AAV6
AAV7
AAV8
AAV9

Table

Co-receptor
?
Fibroblast/Hepatocyte growth factor
receptor, Laminin receptor, Integrin
αVβ5/α5β1

4.

Comparative

study

of

cellular

Seroprevalence
27-59%
22-100%

receptors/co-receptors

and

seroprevalence by adeno-associated virus serotype
Adapted from Asokan et al (228), Boutin et al (233), Louis Jeune et al (234), Calcedo
et al (235).

AAV1

Central
nervous
system
x

AAV2

x

AAV3
AAV4

x

x

AAV5

x

x

AAV6

x

x

AAV7

x

x

AAV8

xxx

AAV9

xxx

Eye

Liver

Skeletal
muscle

Heart

Kidney

Lung

x
x

x

x

xx

x

x

xxx

x

x

xxx

xx

x

Table 5. Preferential tropism of the main adeno-associated virus serotypes
Updated from Wu et al (236), Asokan et al (228). Organ tropism is marked as mild
(X), moderate (XX) or high (XXX).
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1.3.5 Recombinant adeno-associated viral vectors

AAV vector generation
AAV2 is the most widely studied serotype and was the first among the AAV
serotypes to be used as a vector. To generate a recombinant AAV vector, the native
rep and cap genes are removed (making the vector gutless and replication-defective)
and replaced by a transgene expression cassette retaining only the flanking ITRs
(Figure 14A). Recombinant virus is produced by supplying plasmids containing rep
and cap and necessary adenoviral helper functions. A major development in AAV
vector technology was the demonstration that recombinant AAV2 genomes can be
cross-packaged, or pseudo-serotyped, with the capsids from other AAV serotypes
(237). This has dramatically broadened the cell types that can be efficiently targeted
with AAV vectors taking advantage of the organ-specific improved transduction
provided by AAV capsid selection (Table 5). For example, pseudo-serotyping a
recombinant AAV2 vector genome with the AAV8 capsid (designated AAV2/8)
enhances tropism for hepatocytes, particularly in the mouse (Table 5 & Figure 14B).
The defect of rep gene in recombinant AAV vectors makes the process of integration
inefficient and is not targeting the AAVS1 site. Integration can occur randomly in the
host genome creating small deletions <100 base pairs in the host genome (238). This
integration process has been observed in up to 8% of hepatocytes in mouse models
(239).
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Figure 14. Synthesis of an AAV vector
(A) Initially, the single-stranded proviral DNA is excised to remove rep and cap genes
from different wild-type AAV serotypes. The transgene expression cassette
containing the promoter, the transgene and various regulatory elements is cloned
between the two ITRs, which are the only wild type AAV sequences retained. (B) For
vector synthesis, triple transfection of three plasmids is performed in a packaging cell
with a plasmid containing the transgene cassette, a plasmid containing rep and cap
and a helper plasmid. “Pseudotyped” AAV vectors contain ITRs from a specific AAV
74

Chapter 1 - Background
serotype (usually AAV2) and a cap gene encoding viral proteins (VP1, 2 and 3) from
a different serotype (e.g AAV8) in order to provide organ-specific transduction of the
recombinant AAV vector named AAV2/8. AAV: Adeno-associated virus; Adv:
Adenovirus; ITR: Inverted terminal repeat. Reproducted with permission from (240).

Cell processing of AAV vector
AAV vectors binds to the target cell via serotype-specific receptor and co-receptor
that differ in a capsid-dependent manner and are taken up by endocytosis or
macropinocytosis. Endosomal uptake relies on clathrin-coated vesicles or clathrinindependent carriers/GPI-enriched (CLIC/GEEC) (241). Within the first 2 hours postinfection, virions accumulate in a perinuclear location and are dependent on pH
acidification to achieve a structural change in exposing the N-terminal end of the VP1
capsid protein at the surface of the capsid. This allows the rupture of the endosome
and the escape of the virion into the cytoplasm where it can reach the nucleus (224,
242, 243). The trafficking to the nucleus involves the cytoskeleton via microtubules
and the nuclear pore complex (244). Once in the nucleus the capsid uncoating
occurs and uncoated single-stranded genomes are converted to double-stranded
DNA (245) (Figure 15) (246). Conversion of single-stranded genomes to doublestranded transcriptionally active forms occurs with variable efficiency in different cell
types. The viral genome persists either as a non-integrated single- or doublestranded episome or integrates into the host genome. Integration of genomic
sequences of a wild-type AAV is a rare event < 0.1% (247). Some preferential
regions into the human genome have been described as AAVS1 in the long arm of
chromosome 19 (19q13) (248), a region with GCTC repeating motifs very similar to
the invertal terminal repeat sequence of the AAV genome (249). Rep68 and Rep78
play a central role in site-specific integration binding. In that case, AAV sequences
can be transmitted through cell division.
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Figure 15. AAV vector uptake and in-cell processing
(A) Once reaching the target cell, the AAV vector binds an extracellular receptor and
co-receptor specific to the capsid motifs. (B) After an uptake by endocytosis, the
vector is trafficked in the cytoplasm in early then late endosome. (C) Acidification of
the endosome modifies the capsid conformation and allows endosomal escape. (D)
The AAV vector enters the nucleus via the nuclear pore complex. (E) Capsid
uncoating and release of the proviral DNA precede (F) the synthesis of the 2nd strand
of DNA. The viral genome then persists either as (G) a non-integrated single- or
double-stranded episome or (H) integrates into the host genome.
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Capsid proteins are degraded by the proteasome. Then capsid antigenic motifs are
charged onto major histocompatibility complex I (MHCI) for presentation at the
surface of the transduced cell and trigger immune response. The proteasome
inhibition by inhibitors such as bortezomib increases by 2-fold the transduction (250).
Similarly, phosphorylation of tyrosine residues on capsid proteins mediates ubiquitin
signals to target proteins to proteasome-mediated degradation. Directed tyrosine
mutated capsids allow an escape from early degradation and promote a better
transduction (251). This has been demonstrated in vivo with different serotypes
AAV2, 8, 9 with a 3 log-increase of green fluorescent protein (GFP) intensity (252).
Self-complementary (sc) vectors differ from single-stranded vectors (ss) in that they
contain a self-complementary transgene cassette that folds back on itself to form a
double-stranded DNA thereby bypassing the requirement for second strand
synthesis, which is considered as a rate-limiting step for transgene expression
(Figure 16) (253). The transduction efficacy can be increased by 5 to 140 times
(253). As a consequence the packaging size of the transgene cassette in scAAV is
reduced by half (254). scAAV have been associated with higher innate immune
response (255).

A

B

Single-stranded AAV vector

Self-complementary AAV vector
ITR

ITR

Genome
capacity

ITR

4.7 kb

Promoter

ITR

ITR

2.3 kb

Transgene

Poly(A) tail

Figure 16. Recombinant single-stranded (ss) and self-complementary (sc)
recombinant AAV vector genomes
Kb: kilobases; ITR: inverted terminal repeat.
77

Chapter 1 - Background

AAV vector production
Vector production is commonly performed via a triple transfection with 3 different
plasmids in packaging cells expressing adenovirus E1a and E1b genes, such as
human embryonic kidney (HEK) 293 T cells or Hela cells. Adenovirus is replaced by
a plasmid containing the adenoviral genes (E2a, E4, and virus-associated RNA)
required for AAV replication and packaging which increases the safety (236, 256).
Two other plasmids providing the transgene cassette and the rep and cap genes are
transfected (Figure 17).
Another common approach uses a double baculovirus infection in which two reengineered baculoviruses are providing the transgene cassette and the rep and cap
genes under the control of baculovirus promoters in sf9 insect cells (224).
The purification can use several methods: density gradient centrifugation with cesium
chloride or iodixanol, ion exchange or affinity chromatography. The result will be a
mixture of both empty and full capsids which can range fro 20:1 to 0.05:1 respectively
(224). If centrifugation-based methods are recommended to remove a maximum of
empty capsids, this antigenic payload might have a positive effect when used as
decoys to soak up pre-existing neutralising antibodies (199).
Titration methods use either quantitative PCR (257) or alkaline gels (258).
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AAV"vector"plasmid"

Rep"

Helper"plasmid"
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Transgene=containing"plasmid"

ITR" Promoter" Therapeu2c"gene" ITR"

4"

1"

5"
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2"1"
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Packaging"cell"

Figure 17. The triple transfection method for adeno-associated virus vector
production
A first plasmid carries the adeno-associated virus rep and cap genes encoding the
replicative and capsid proteins respectively, the second helper adenoviral plasmid
allows the adeno-associated virus replication, the third plasmid contains the
therapeutic gene flanked by ITR regions (Inverted terminal repeats). 1) The three
plasmids are transfected in a packaging cell. 2) The plasmids are expressed and
transcribed. 3) Synthesized proteins are assembling to form a virion. 4) Virions
accumulate in high numbers until the cell bursts or is scrapped. 5) Virions are
collected and purified. AAV: adeno-associated virus.
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1.3.6 Main challenges of AAV-mediated gene therapy for liver
diseases

Insertional mutagenesis
Although more than 170 AAV-mediated clinical trials are ongoing or have been
completed (259), no safety issues regarding insertional mutagenesis have been
reported. This is facilitated by the persistence of the transgene delivered by the AAV
vector as a preferential non-integrated (or episomal) form. However publications
have shown a small rate of integration in the host genome, especially in
transcriptionally active genes, areas with damaged DNA or enriched CpG islands
(247). Experiments in neonatal mice have identified an increased risk of
hepatocellular carcinoma (HCC) after systemic injection, which was influenced by the
enhancer/promoter activity, the younger age at time of injection and the vector dose
(260-262). Analysis of integration sites identified a rodent-specific hotspot in the Rian
locus, which was not observed in human trials, in which a genome wide integration
pattern involving neither HCC-related genes nor the human Rian homolog, MEG8 in
the Dlk1-Dio3 domain (263-265).

After the detection of wild-type AAV2 sequences in 11/193 HCCs within HCC-related
genes (266), controversies have risen regarding the possible mutagenic role of wildtype AAV. Whether these findings were the cause or a consequence of the
proliferation of the cancer cells, has been largely debated with no definitive
conclusion as yet (259, 265, 267, 268).

Several arguments are in favour of the high safety profile of AAV vectors: i) the
absence of carcinogenic events observed in a rapidly expanding number of trials; ii)
the low rate of AAV integrations associated with HCC despite the high
seroprevalence of wild type AAV in the human population (e.g. >80% for AAV2)
(269); iii) studies have highlighted the protective role of AAV against cancer in
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cervical carcinomas (259), likely by inhibition of c-Ha-ras, c-fos and c-myc protooncogenes by AAV2 Rep proteins. Nevertheless, the remaining interrogations and
observations in neonatal rodents warrant close monitoring in ongoing human trials.

AAV Immunity
AAV vector injection triggers a non-specific innate immunity with the release of
proinflammatory cytokines (270) after interactions with TLR receptors (271, 272).
This innate immune response is weaker compared to other immunogenic vectors like
adenoviral vectors, and is essential to initiate an adaptive response. Secondarily after
presentation of antigenic motifs of the capsid primed on major histocompatibility
complex I by antigen presenting cells, an adaptive immunity occurs. This highlyspecific immune response expands B- and T-cells against the capsid and/or the
transgene product.
Neutralising antibodies against the capsid prevent transduction after systemic
delivery (273). CD8+ T-cell mediated immune response generates asymptomatic
raise of transaminases in haemophilia B trials (202, 204). Liver presents tolerogenic
properties with the proliferation of a specific subset of T cells, CD4+CD25+FoxP3+ T
cells (known as “regulatory” T cells) (274). These cells can re-orientate the immune
response in suppressing cytotoxicity and developing immune tolerance (275). The
mechanism of tolerance requires continuous antigen presentation and has been
successfully induced with transgenic proteins (275, 276) but not with capsid proteins
rapidly eliminated and unlikely to induce tolerance (246).

To overcome these immune responses, which prevent cell transduction or destroy
transduced cells, some strategies have been proposed: i) capsid modification
targeting specific highly antigenic epitopes (277); ii) strategies optimising the
transduction of the target organ to decrease the vector dose and the subsequent
immune response e.g. optimised expression cassette design, or specific capsid
modifications (278); iii) immunomodulation with either corticosteroids (204, 279, 280)
or more complex protocols similar to immunosuppression prescribed after organ
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transplantation e.g. monoclonal antiCD20 antibody (rituximab) (281, 282), nondepleting antiCD4 antibody (283), sirolimus (282), cyclosporine A (283, 284),
tacrolimus with mycophenolate mofetil (279), or proteasome inhibitors (285).

Size contraints of AAV vectors
A single-stranded AAV vector can accommodate a transgene with limited size,
usually with a maximum of 4600 to 5200 base pairs (286, 287). This capacity is
divided by half (2.2 kilobase pairs) in self-complementary vectors carrying a
transgene with double-stranded DNA (254). In comparison with other common viral
vectors, this is a major inconvenient as lentiviral/retroviral vectors can accommodate
transgenes up to 14 kb (288) and helper-dependent adenoviruses up to at least 38.9
kb (289).
To deliver oversized transgenes, approaches have been developed in either refining
the design of the transgene cassette with mini-promoters or mini-genes of interest
(290) or combining dual AAV co-transduction with a fragmented transgene (286),
although this latter approach often reduces functional transduction efficiency.

Worldwide shortage of manufacturing capacity
The rapidly growing demand in supply of good-manufacturing practice (GMP)-graded
AAV vectors for preclinical or clinical studies has generated a worldwide shortage in
manufacturing capacities although recent improvements in bioreactor capacity and
purification methods should progressively help in coping with the high demand (291,
292).

Metabolic zonation
Across the hepatic lobule, which represents the functional unit of the liver, metabolic
pathways are differently regulated and expressed. This variability is called metabolic
zonation. For example, the urea cycle activity mostly takes place in periportal
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hepatocytes and glutamine synthesis preferentially in perivenous hepatocytes
(Figure 18) (2). The pattern of liver transduction in the hepatic lobule with a same
AAV serotype varies among different species. For example, using the AAV8 capsid,
transgene expression is highest in perivenous hepatocytes in mice and dogs and
predominants in periportal hepatocytes in non-human primates (Figure 18) (293).
The control of hyperammonaemia in a mouse model of urea cycle defect using an
AAV8 capsid might require a higher transgene expression compared to primates
caused by the preferential transduction of hepatocytes, which do not express the
enzymes of the urea cycle. This was suggested in a mouse model of OTC deficiency
treated with an AAV8 vector (294).
Peripheral
intravenous delivery
of AAV8
Mice, dog

Zona;on

Perivenous hepatocytes

Non human primates

Periportal hepatocytes

Anatomic

Urea cycle

Func;onal

Glutamine synthesis
Figure 18. Species-related differences in transduction of the hepatic lobule
by AAV vectors
Representation of the liver metabolic zonation for ammonia clearance: example of
liver transduction with AAV8 vector.

Perinatal gene therapy
Albeit perinatal gene therapy has several advantages in correcting early the disease
phenotype, preventing long-term sequelae and taking advantage of an immature
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immune system, concerns have been highlighted with regards to tumorigenicity in the
developing murine liver (260, 261) and the progressive loss of vector genomes over
time in parallel with the liver growth (Figure 19). It is unlikely that a perinatal injection
with a non-integrative AAV vector will be sufficient to provide lifelong correction of the
phenotype in metabolic liver diseases, and a reinjection later in life will be necessary.
Alternative integrating approaches, using genome editing tools to design AAV vector
delivering an integrating transgene, have been successfully reported as proof of
concept in a neonatal mouse model of ornithine ranscarbamylase deficiency (Spfash
mouse). A dual injection of AAV vectors was performed simultaneously with both the
therapeutic transgene and the editing system for integration with Piggybac
transposase (295) and CRISPR-Cas9 (296), the latter allowing site-specific
integration.
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Figure 19. Liver mass according to age and gender
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1.3.7 Urea cycle defects and gene therapy

Urea cycle defects are life-threatening disorders with unmet therapeutic needs and
represent a paradigm for the development of gene therapy. The four most common
defects have been successfully cured in mouse models using viral vectors.

Ornithine transcarbamylase deficiency
A residual ornithine transcarbamylase activity of 8% (43) to 10% (299) is expected to
significantly modify a severe phenotype into a minor one.
As being the most prevalent urea cycle defect, ornithine transcarbamylase deficiency
has been extensively studied. Spf (sparse fur) and spfash (abnormal skin and hair)
mice are two hypomorphic mouse models available with 10% and 5% of residual
ornithine transcarbamylase activity, respectively. The phenotype is mild with
excretion of orotic aciduria but without hyperammonaemia. An anti-ornitihine
transcarbamylase short hairpin RNA (shRNA) encapsidated in AAV8 can silence the
endogenous murine Otc expression and create a severe hyperammonaemic
ornithine transcarbamylase deficient mouse model (294). No large animal model
exists for this disorder.
Several groups have demonstrated the efficacy of a single AAV8-mediated gene
therapy injection in spfash adult (300-302) and neonatal (303) mice in restoring
ornithine transcarbamylase enzymatic activity, and restoring ureagenesis. However a
single neonatal injection was not able to support long-term correction due to i)
episomal loss during the liver growth, ii) a different transduction pattern irrespective
of the physiological metabolic zonation of the hepatic lobule (See Figure 18 &
Section 1.3.6) (303).

85

Chapter 1 - Background
Citrullinaemia type 1 (argininosuccinate synthase deficiency)
A knockout murine model of citrullinaemia type 1 has been successfully treated by
four sequential systemic injections in utero (E16) and at birth (D0) and at day 14
(D14) and 28 (D28) of life in alternating injections with AAVrh10 (E16, D0) and AAV8
(D14, D28) capsids. Survival was normalised but hyperammonaemia was persisting
(304).

Argininosuccinic aciduria (argininosuccinate lyase deficiency)
A helper-dependent adenoviral vector encoding the murine Asl gene under the
control of a liver specific promoter was successfully administered to the ASL-deficient
AslNeo/Neo mouse (See Section 1.2.8) showing normalisation of survival, improvement
of growth, normalisation of plasma amino acids. However this did not correct ASL
deficiency in extra-hepatic tissues as shown in aorta tissue (85).

Hyperargininaemia type 1 (arginase deficiency)
A hypomorphic mouse model of hyperargininaemia type 1 was treated by systemic
injection of AAV8 vector. This showed a rescue of the survival and an improvement
of growth (305), behavioural tests (306) but ammonaemia remained elevated. A
minimal improvement of in vivo ureagenesis of 3.3% compared to wild-type mice was
sufficient to improve significantly the survival (307).

N-acetylglutamate synthase deficiency
No animal model has been described (308).

Carbamoyl-phosphate synthase 1 deficiency
A knockout mouse model has been described but to our knowledge, the colony is not
available anymore (309).
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1.4 Hypothesis and aims of this thesis
1.4.1 Hypothesis and aim 1

Argininosuccinic aciduria is the second most common urea cycle defect and is an
inherited condition proven to cause systemic nitric oxide deficiency (32) as the
disease is caused by mutations in argininosuccinate lyase (ASL), an enzyme
involved in two metabolic pathways: i) the liver-based urea cycle which detoxifies
ammonia, and ii) the citrulline-nitric oxide cycle, present in most organs, producing
nitric oxide from L-arginine (See Section 1.2.1) (310). Compared to other urea cycle
defects, argininosuccinic aciduria presents a lower rate of hyperammonaemic
episodes but a higher rate of neurological and systemic complications (18), identified
as the argininosuccinic aciduria paradox (See Section 1.2.4). Long-term survival and
neurological outcomes of these patients remain poor (See Section 1.2.6) despite
various therapeutic approaches (See Section 1.2.5), which are essentially focussed
on controlling ammonia levels and correcting the urea cycle and do not target nitric
oxide deficiency (18). As discussed in this chapter, there is increasing evidence that
nitric oxide might be involved in the clinical phenotype explaining at least partially
arterial hypertension (See Section 1.2.3) (85).
A hypomorphic AslNeo/Neo mouse model has been described reproducing the human
phenotype with multi-organ disease, hyperammonaemia and early death and shows
impairment of both urea and citrulline-NO cycles (See Section 1.2.8) (32).

Our first hypothesis is that nitric oxide plays a key-role in the multi-organ disease
developed by patients and is involved in the neuropathology of the disease and the
paradox of argininosuccinic aciduria.
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In testing this hypothesis, this thesis aims:
i) To better decipher the natural history of patients suffering from argininosuccinic
aciduria in assessing the long-term outcome of a British cohort with a particular
attention to the genotype-phenotype correlation (Chapter 3).
ii) To study the neuropathology of argininosuccinic aciduria in the AslNeo/Neo mouse
model, for which the neurological phenotype has not been described yet (Chapter 5).

1.4.2 Hypothesis and aim 2

AAV-mediated gene therapy has achieved promising results in recent clinical trials in
liver (204) and neurological (311) inherited diseases (See Section 1.3.6). This viral
vector is emerging as the leading strategy for liver-directed gene therapy, which is a
logical and necessary approach to control ammonia levels and curing urea cycle
defects (See Section 1.3.7) such as argininosuccinic aciduria. The severe long-term
outcome of patients affected by argininosuccinic aciduria demonstrate the urgent
need for new therapeutic approaches (See Section 1.2.6).
A liver-directed adenovirus-mediated gene therapy in the AslNeo/Neo mouse model was
able to correct the urea cycle but not the extra-hepatic features of the disease
unrelated to hyperammonaemia (See Section 1.3.7). Adenoviral vectors have
elicited safety concerns in trials for liver-directed gene therapy (See Section 1.3.2)
(157) and are not currently a vector translatable into clinics.

Our second hypothesis is that AAV-mediated gene therapy is a suitable therapeutic
approach for argininosuccinic aciduria.

In testing this hypothesis, this thesis aims:

88

Chapter 1 - Background
iii) To develop a liquid chromatography-tandem mass spectrometry based method to
accurately measure the amino acids involved in the urea cycle and argininosuccinate
lyase enzymatic activity (Chapter 4).
iv) To set up a proof-of-concept of AAV-mediated gene therapy in AslNeo/Neo mice in
targeting both metabolic pathways impaired in argininosuccinic aciduria i.e urea and
citrulline-nitric oxide cycles (Chapters 6 & 7).
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2. MATERIAL AND METHODS
2.1 Reagents
Unless stated otherwise, general laboratory reagents were purchased from SigmaAldrich (Sigma, St Louis, MO, USA). Protocols for standard laboratory solutions and
specific buffer and reagents are listed in Appendix 10.2.

2.2 Characterisation of a new cohort of patients with
argininosuccinic aciduria
2.2.1 Clinical case recruitment

Patients included had plasma argininosuccinic acid levels > 5 μM, and/or pathogenic
mutations in hASL. Anonymised data were collected prospectively from March 2013
and retrospectively before, from five tertiary metabolic centres in the UK: Birmingham
Children’s Hospital, Birmingham; Guy’s and St Thomas’ Hospital, London; Great
Ormond Street Hospital for Children, London; the National Hospital for Neurology
and Neurosurgery, London; the Royal Manchester Children Hospital, Manchester.
Patients were considered lost to follow-up if no clinical assessment was performed
during the last 3 years at the relevant metabolic centre. The database was closed on
31st December 2015.
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2.2.2 Consent and ethics approval

Molecular analysis of patients was approved by the National Research Ethics Service
Committee London-Bloomsbury (13/LO/0168).

2.2.3 Clinical phenotyping

The neurological outcome was assessed via physical neurological examination and
especially collected informations related to the following symptoms: intellectual
disability, epilepsy, ataxia, myopathy-like symptoms and brain magnetic resonance
imaging

(MRI)

features.

neuropsychological

The

assessment

assessment
was

was

unavailable,

performed
cognitive

as

follows:

impairment

if

was

determined by clinical judgement of the metabolic specialist or neuropaediatrician or
by the need for an additional support at school or subsequently at the workplace.
Epilepsy was defined as the repetitive occurrence of two or more seizures without
contemporary hyperammonaemia. Indication for neuroimaging was an unexplained
and/or

severe

neurological

disease.

Brain

MRIs

were

analysed

by

two

neuroradiologists blinded to the report of each other with the help of Dr Kling Chong,
Neuroradiology Department, Great Ormond Street Hospital, London and Dr
Katharine Foster and Lesley MacPherson, Neuroradiology Department, Birmingham
Children’s Hospital, Birmingham. Proton magnetic resonance spectroscopy (1HMRS) protocols were performed as described (312). 1H-MRS studies were
performed concurrently with clinically indicated MRI scans at 1.5 Tesla. Comparison
was made with 1H-MRS metabolite data from a standard cohort of children with
normal appearing MRI as described previously (312).
Systemic phenotype monitored involvement of liver, kidney, arterial hypertension,
gut, pancreas, heart and hair. Liver involvement was considered using the following
parameters: enlarged liver, increased levels of transaminases assessed by alanine
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aminotransferase (ALT) above 50 IU/L. Nephromegaly was defined as renal length
on ultrasound imaging above the 95th centile for the age and sex.
Biochemical data were assessed using the mean of at least the last 10 available
results during compensated metabolic state. Plasma ammonia levels were
considered elevated if > 100 µM before 28 days of life or > 45 µM subsequently.
Hypokalaemia was defined as a plasma potassium level lower than 3.5 mM and
judged as “transient” if observed in a single sample, or “persistent” if measured in ≥ 2
samples separated by ≥ 1 month. Plasma arginine and argininosuccinic acid
reflected the last 10 measurements performed during follow-up in a compensated
metabolic state on standard treatment. For comparative analysis, patients were
divided into three groups: (i) early-onset form (hyperammonaemic symptoms started
on/before 28 days of life), (ii) late-onset form (presentation after 28 days of life), (iii)
perinatally screened patients diagnosed after a family proband and treated
prospectively from birth. For the last group, the status (early- or late-onset) of the
familial proband was investigated but missing data prevented inclusion of these index
cases into the study.

2.3 hASL mutational analysis
2.3.1 Design of primers
Primers were designed for the amplification of human ASL transcript ASL-005 based
on the reference sequence ENST00000395332 (www.ensembl.org). This transcript is
1,622 base pairs in length and results in the synthesis of the full protein (464 amino
acids). Exons and introns were identified in the genomic sequence.
The primers were designed approximately 50 base pairs upstream and downstream
of the intended exon to ensure that the splice sites and the exon-intron boundaries
would be amplified for sequencing. Each primer was approximately 20 nucleotides in
length

and

did

not

contain

mutations

or

polymorphisms

reported

in

www.ensembl.org. Each primer was screened with Basic Local Alignment Search
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Tool

(BLAST)

(http://www.ncbi.nlm.nih.gov/tools/primer-blast/),

to

search

for

paralogues. When designing the primers, pair considerations were made with regard
to the annealing temperature (range of 60-65°C), GC content (40-60%) and selfcomplementarity to prevent the formation of self-complementary dimers or primerdimer.
Tails were added at the 5’ end of the polymerase chain reaction (PCR) primers.
These ‘tails’ were then incorporated into the PCR product in order to make
downstream sequencing more rapid. The sequence of the universal tailing primers
were

as

follows:

forward

-

AGCTAAGCGCGAGAAGGC and

reverse -

GCTTTACCGCTCAACCGTT.

2.3.2 PCR optimisation of hASL exons
Reagents and buffers used are as detailed in the Appendix 10.3.1.
Primers were diluted in nuclease free water. Stock solutions of 100 µM were
prepared prior to making a working dilution of 10 µM.
The standard reaction mix for a 25 µL PCR using the BIOTAQTM DNA polymerase Kit
contained 0.2 µL (1 unit) of DNA Polymerase, 2.5 µL of 10x NH4 reaction buffer, 2.5
µL of 10 mM deoxyribonucleotide triphosphate (dNTPs), 1.25 µL of each primer
diluted at 5 µM, 1 µL of DNA template (concentration 100 µg/µL approximately).
Standard cycling conditions included an initial activation step of 95°C for 60 seconds
followed by 35 cycles of denaturation at 95°C for 30 seconds, the optimised
temperature for each set of primers for 30 seconds and an extension temperature of
72°C for 30 seconds. A final extension step was performed at 72°C for 10 minutes.
PCR reactions were optimised for each pair of primers using a 96-well Fast Thermal
Cycler (ThermoScientific, Kalamazoo, MI, USA). Assessed parameters included
annealing temperatures, MgCl2 concentrations, presence of enhancer (Betaine) at
0.5 M. PCR products were visualised using a Ultraviolet transilluminator BioDoct-It
Imaging system (UVP, Upland, CA, USA) with UVO TS software (UVP, Upland, CA,
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USA) after electrophoresis through a 1% agarose gel. The optimised PCR conditions
for all sets of primers are summarised in Table 6.

2.3.3 Sequencing and data analysis

Reagents and buffers used are as detailed in the Appendix 10.3.2.
DNA was extracted from white blood cells in North East Thames Regional Genetics
Service, Great Ormond Street Hospital, London, UK. The individual exons of hASL
were amplified by PCR using the optimised conditions and the PCR products were
visualised on a 1% agarose gel (See Section 2.3.2).
The amplified samples were treated with exonuclease I and Shrimp alkaline
phosphatase

to

remove

leftover

primers

and

remaining

deoxynucleotides

triphosphate (dNTPs), respectively. 2.5 µL of a mix containing 0.75 µL of double
distilled water (ddH2O), 0.25 µL of Shrimp alkaline phosphatase dilution buffer, 0.5 µL
of exonuclease I and 1 µL Shrimp alkaline phosphatase was added to 10 µL of the
PCR product in a 96-well plate and the plate was sealed with an adhesive lid. After a
brief centrifugation to ensure all reagents were at the bottom of the well, the reaction
was incubated at 37°C for 15 minutes and then the enzymes heat-inactivated by
heating at 80°C for 15 minutes.
A sequencing reaction with Big Dye Terminator 1.1 was performed to amplify the
sample DNA with dye-binding dideoxynucleotides triphosphate (ddNTPs). Each
ddNTP (Adenosine, Thymidine, Cytosine, Guanosine) is associated with a different
coloured dye (yellow, blue, red, green). The standard reaction mix for a 10 µL PCR
contained 1.5 µL of buffer, 0.5 µL of Big Dye version 1.1, 1 µL of universal tailing
primers

(forward:

AGCTAAGCGCGAGAAGGC;

reverse:

GCTTTACCGCTCAACCGTT) diluted at 5 μM, 3 µL of cleaned PCR product
template. Standard cycling conditions used included an initial activation step of 95°C
for 2 minutes followed by 35 cycles of denaturation at 95°C for 20 seconds, an
annealing step at 50°C for 10 seconds and an extension step at 60°C for 3 minutes.
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The sequencing product was precipitated by adding 2 µL of 3 M sodium acetate, pH
5.2 and 50 µL of 100% ethanol per sample. These were left at room temperature for
20 minutes. The plate was then centrifuged at 3,000 g for 40 minutes and the
supernatant thrown off. 50 µL of 70% ethanol per well was added to wash the DNA
pellet and the plate was centrifuged again at 3,000 g for 10 minutes and the
supernatant thrown off. The plate was turned upside down on a piece of tissue and
centrifuged finally at 300 g for 1 minute to remove any remaining ethanol. The DNA
pellet was resuspended in 10 µL of 1:10 TE buffer and the plate stored at -20°C
before sequencing.
Plates were then sent to North East Thames Regional Genetics Service, Great
Ormond Street Hospital, London, UK for sequencing on an ABI PRISM 3730 DNA
Analyzer (Applied Biosystems/ThermoFisher Scientific) and data analysed using
Sequencher 5.3 software (Gene Codes Corporation, Ann Arbor, MI, USA).
The prevalence of all variants identified was assessed in the Ensembl
(http://ensembl.org) and ExAC databases (http://exac.broadinstitute.org), and their
presence or absence in the Human Gene Mutation Database was examined (last
accessed 11/12/2015; http://www.hgmd.cf.ac.uk). All protein alignments were
performed using ClustalW2 software (http://www.ebi.ac.uk/Tools/msa/clustalw2/).
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Human&ASL&sequencing

From&Transcript&ASL&N°5&ID&Ensembl&ENST00000395332
PCR&conditions

Exon

s/as

Sequence

Tailed&sequence

Expected&
band&size

Annealing&
temperature&
(Deg)

Mg&
Annealing&
concentration&
time&(sec)
(mM)

Betaine&
0.5&M

Primers&
dilution

1

s
as

ACACTATCCGTGCGGCCAGG
ACTCTCTCCTTTGGAGGCTA

AGCTAAGCGCGAGAAGGCACACTATCCGTGCGGCCAGG
GCTTTACCGCTCAACCGTTACTCTCTCCTTTGGAGGCTA

313

64

30

1

No

1;20

2

s
as

CCTGCTACCATCAGACTTGA
CAACACTGCACTGTTTGCTC

AGCTAAGCGCGAGAAGGCCCTGCTACCATCAGACTTGA
GCTTTACCGCTCAACCGTTCAACACTGCACTGTTTGCTC

384

64

30

1.5

No

1;20

3

s
as

AATCCCTGAGCAAACAGTGC
GGGCAGTTTTCCTCATCAGC

AGCTAAGCGCGAGAAGGCAATCCCTGAGCAAACAGTGC
GCTTTACCGCTCAACCGTTGGGCAGTTTTCCTCATCAGC

761

64

30

1.5

No

1;20

4+5

s
as

ACTGCCCTGCCTGGGTTGAC
GGCTTCCATCACACCTCTGT

AGCTAAGCGCGAGAAGGCACTGCCCTGCCTGGGTTGAC
GCTTTACCGCTCAACCGTTGGCTTCCATCACACCTCTGT

412

64

30

1.5

No

1;20

6+7

s
as

CATTCAGGTGGAGTGCTGC
TAAGGCGGTTTTCTGTCCCA

AGCTAAGCGCGAGAAGGCCATTCAGGTGGAGTGCTGC
GCTTTACCGCTCAACCGTTTAAGGCGGTTTTCTGTCCCA

466

68

10

1.5

No

1;20

8

s
as

CTTGGTTCTCTGTGTGTGCG
AGGTGTGTCTGCAGGTCTTG

AGCTAAGCGCGAGAAGGCCTTGGTTCTCTGTGTGTGCG
GCTTTACCGCTCAACCGTTAGGTGTGTCTGCAGGTCTTG

236

60

10

1.5

No

1;20

9

s
as

CTGTGCAAAAGATCCCTCCC

AGCTAAGCGCGAGAAGGCCTGTGCAAAAGATCCCTCCC
GCTTTACCGCTCAACCGTTGCTGAAGGACTAAAGTGAGGC

246

68

30

1.5

No

1;20

GCTGAAGGACTAAAGTGAGGC

s
as

GAAAATTTAGCCGGGTCCCC
AGATGGAGGTGGCAGTTCAG

AGCTAAGCGCGAGAAGGCGAAAATTTAGCCGGGTCCCC
GCTTTACCGCTCAACCGTTAGATGGAGGTGGCAGTTCAG

248

60

20

1.5

Yes

s
as

GACGTGGCTGCCTTCCTC

AGCTAAGCGCGAGAAGGCGACGTGGCTGCCTTCCTC
GCTTTACCGCTCAACCGTTAAGGGCAGAGAGTTCAAGGG

499

60

30

1.5

Yes

1;20

s
as

ATGGAAGGCAGTGGGGATG

AGCTAAGCGCGAGAAGGCATGGAAGGCAGTGGGGATG
GCTTTACCGCTCAACCGTTCAGTGCCTGGGACCTAGG

231

68

30

1.5

No

1;20

s
as

CAGCTTCAGATCCCAGGGTC

AGCTAAGCGCGAGAAGGCCAGCTTCAGATCCCAGGGTC
GCTTTACCGCTCAACCGTTCCCATTCCTGAGCTCCCC

212

68

10

1.5

Yes

1;20

s
as

GGGTGCAGGCAATGGAGGCA

AGCTAAGCGCGAGAAGGCGGGTGCAGGCAATGGAGGCA
GCTTTACCGCTCAACCGTTCTAGGAGGCAGCATGGGG

215

64

10

1.5

No

1;20

s
as

GAAGTGAGCCTGGGTGCC

AGCTAAGCGCGAGAAGGCGAAGTGAGCCTGGGTGCC
GCTTTACCGCTCAACCGTTCAGCAACGAGGGAGCCAG

300

64

30

1.5

No

1;20

10

11+12

13

14

15

16

AAGGGCAGAGAGTTCAAGGG
CAGTGCCTGGGACCTAGG

CCCATTCCTGAGCTCCCC

CTAGGAGGCAGCATGGGG

CAGCAACGAGGGAGCCAG

Table 6. Sequential PCR optimisation for the 16 exons of hASL
hASL transcript ASL-005 reference ENST000000395332 in ensembl.org
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2.4 Phenotyping of AslNeo/Neo mice
2.4.1 Study approval

All procedures were performed in compliance with UK Home Office regulations and
within the guidelines of University College London ethical review committee. The
experimets were performed under the Project License of Dr Simon Waddington (PPL
licenses 70/6906 and 70/8030) and Personal License (Dr Julien Baruteau PIL
70/25779).

2.4.2 Animals

The AslNeo/Neo mice (B6.129S7-Asltm1Brle/J) were purchased from Jackson Laboratory
(Bar Harbor, ME). Wild type or heterozygote mice were maintained on standard
rodent chow (Harlan 2018, Teklab Diets, Madison, WI; protein content 18%) with free
access to water. AslNeo/Neo mice were started on a supportive treatment including
reduced-protein diet (5CR4, Labdiet, St Louis, MO; protein content 14.1%) from day
15 to day 50 and received daily intraperitoneal injections of sodium benzoate
(0.1g/kg/d) and L-arginine (1g/kg/d) from day 10 to day 30.
Mice were weighed daily during the first 45 days then every 5 days until day 120 then
every 15 days. Mice were checked daily for assessing behaviour and wellbeing.

2.4.3 DNA extraction from mouse tissue
Reagents and buffers used are as detailed in the Appendix 10.3.3.
DNA was extracted from an ear or tail clip using sodium hydroxide (NaOH) as follow:
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i) The 2 - 3mm tissue clip was placed in 75 µL of 25 mM NaOH containing 0.2 mM
EDTA, adjusted to pH 12.
ii) The mix was heated to 95°C for 10 minutes then cooled to room temperature.
iii) 75 µL of 40 mM Tris-HCl, adjusted to pH 5 was finally added.
iv) 4 µL was used in a 20 µL PCR reaction.

2.4.4 Genotyping
a) PCR amplification

A commercially available PCR kit (Taq DNA Polymerase, Peqlab, Germany) was
used as per manufacturer’s instructions. The PCR reaction mix is detailed in Table 7.

Reagent

Volume (μL)

10x PCR reaction buffer
(containing 20 mM MgCl2)

2

dNTP mixture (10 mM)

2

Forward primer (25 µM)

1

Reverse 1 primer (25 µM)

1

Reverse 2 primer (25 µM)

1

Taq DNA polymerase (5 U/µL)

0.1

Nuclease-free water

8.9

DNA sample

4

Final volume

20

Table 7. PCR reaction mix for genotyping
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Two sets of primers were subsequently tested.
The first genotyping method relied on primers described in Erez et al (32): Forward
primer: 5’-GTACCCAGAGCCTCAACCTC-3’; Reverse primer for WT allele: 5’CAGATCTTACGAGGATGGAAGG-3’ and Reverse primer for AslNeo/Neo allele: 5’CGTCCTGCAGTTCATTCAG-3’ and reaction cycles: 95°C 1’, 58°C 1’, 72°C 1’ for 35
cycles.
A second set of primers as advised by Jackson Laboratory (Bar Harbor, MA, USA)
was tested: Forward primer: 5’-GGTTCTTGGTGCTCATGGAT-3’; Reverse primer for
WT allele: 5’-GCCAGAGGCCACTTGTGTAG-3’ and Reverse primer for AslNeo/Neo
allele: 5’-CATGACAGCTCCCATGAAGA-3’ binding in the 9th intron of the mouse Asl
gene (Figure 20). The reaction cycle: 94°C for 30 seconds, 63°C for 30 seconds,
72°C for 1 minute. This reaction cycle was repeated 40 times. The same PCR
reaction mix as detailed in Table 7 was used with a primer concentration of 25 µM.
Optimisation of the following parameters were performed i) annealing temperature, ii)
primers concentration, iii) magnesium chloride concentrations, iv) utility of PCR
enhancer and is presented below.

b) DNA electrophoresis on agarose gel

Reagents and buffers used are as detailed in the Appendix 10.3.4.
A 2% agarose gel was made up by adding agarose powder to 1x TAE solution (Tris
base, acetic acid, EDTA), and microwaving at 900 watts for 3 minutes. A Safeview
nucleic acid stain (NBS Biologicals, Huntingdon, UK) was added (5 µL per 100 mL)
before pouring the mixture into an appropriate tank with a 20-wells comb. The gel
was allowed to cool at room temperature for 15 minutes.
The gel was then placed in a PCR tank filled with 1x TAE. 20 µL of PCR sample was
mixed with 4 µL of PCR loading buffer and 10 µL of the resulting mix was loaded into
each well. Electrophoresis of the samples was performed at 100 Volts towards the
positive (red) electrode, for 60 minutes. The gel was imaged in a benchtop ultraviolet
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transilluminator BioDoct-It Imaging system (UVP, Upland, CA, USA) with UVO TS
software (UVP, Upland, CA, USA).

A

B

C

Figure 20. Binding sites of primers for genotyping wild-type and AslNeo
alleles.
(A) Map of the genomic DNA of mouse Asl gene (NC000071.6) identifying exons (in
blue), introns and set of primers used for identification of the wild-type allele (in red).
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(B) Detailed sequence of the gene identifying the 20-base pairs long primers (in red)
in the 9th intron flanked by adjacent exons (in blue). (C) Partial sequence of the
neomycin cassette aligned with the reverse primer used for detection of the AslNeo
allele (neomycin and primer sequences provided by Jackson Laboratory). Alignment
performed with Snapgene (GSL Biotech LLC, Chicago, IL, USA).

c) Optimisation of PCR conditions

A method for early genotyping in the first 24 hours of life of the animals was
developed. Wild-type, heterozygote and AslNeo alleles were identified by PCR
amplification targeting sequences specific to the WT or the AslNeo allele.
As a first PCR amplification using a set of primers published in Erez et al (32)
couldn’t allow a suitable identification of the alleles, a second set of primers and
adapted PCR conditions provided by Jackson Laboratory (Bar Harbor, MA, USA)
were used and optimised as follows:

i) Annealing temperature
The AslNeo and WT sets of primers were tested at annealing temperatures varying
between 60 to 65°C (Figure 21). 63°C was chosen as an acceptable consensus for
both alleles in order to perform a unique PCR reaction testing both alleles.
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100 bp
ladder
500 bp
400 bp
300 bp

i

200 bp

ii

Annealing
Temperature
(°C)

60

61

62

63

64

65

Negative
Control
(63 °C)

Figure 21. Optimisation of the annealing temperature for genotyping PCR
Testing of a heterozygote sample: (i) AslNeo allele (250 bp; (ii) WT allele (205 bp).

ii) Primer concentration
Concentration of primers was tested at 50 and 25 µM (Figure 22). 25 µM was
considered for the final genotyping protocol.

100#bp##
ladder#

Primers#25#μM#

Primers#50#μM#

600#bp#
400#bp#
i#
ii#

200#bp#

Genotype#

HET1# HET2# Nega@ve# WT#
control#

HET1# HET2# Nega@ve# WT#
control#

Figure 22. Optimisation of the primer concentration for genotyping PCR
Two conditions were tested at 25 to 50 µM. (i) AslNeo allele (250 bp; (ii) WT allele
(205 bp). WT: wild-type; HET: heterozygote.
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iii) MgCl2 concentration
Divalent cations are necessary for polymerase activity but the concentration can
dramatically affect the activity. MgCl2 concentration was tested at various
concentrations ranging between 2 to 4 mM in the PCR mix (Figure 23A). MgCl2
concentration at 2 mM was considered for the final genotyping protocol.

iv) PCR enhancer
The effect of a PCR enhancer provided by the commercial kit was tested (Figure
23B). GC-rich templates can form strong secondary structures, which can cause
inefficient separation of the DNA strands or compete with primers preventing an
efficient annealing. The PCR enhancer reduces the DNA base pairs interactions and
the stability of hydrogen bonds. No enhancer was added in the final genotyping
protocol.

A"

HET1%
MgCl2%
2%
(mM)%

2.5%

3%

Nega*ve%
control%

HET2%
3.5%

4%

2%

2.5%

3%

3.5%

4%

2%

2.5%

3%

3.5%

4%

600%bp%
400%bp%
i%
ii%

200%bp%

B"
600%bp%
400%bp%
i%
ii%

200%bp%

Figure 23. Optimisation of MgCl2 concentration in the presence or absence
of PCR enhancer for genotyping PCR
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MgCl2 concentration varies from 2 to 4 mM, in absence (A) or presence (B) of PCR
enhancer. (i) AslNeo allele (250 bp) ; (ii) WT allele (205 bp). WT: wild-type; HET:
heterozygote.

v) Final genotyping PCR protocol
Once optimised, this protocol was successfully tested for all genotypes Asl+/+ (wildtype), Asl+/Neo (heterozygote) and AslNeo/Neo mice (Figure 24).

100 bp
ladder
600 bp
400 bp
AslNeo allele, 250 bp

200 bp

Genotype

WT allele, 205 bp

WT

WT

WT

HET

Nega;ve
control

AslNeo/Neo

Figure 24. Optimised genotyping PCR protocol
(313): wild-type; HET heterozygote.

2.4.5 Weight and survival analysis
Mice were weighed daily during the first 45 days of life then every 5 days until day
120 then every 15 days. Behaviour and wellbeing of the mice was checked daily.
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2.5 Behavioural studies
For behavioural testing, mice were allowed to acclimatise to the procedure room for
30 to 60 minutes before the start of the experiment. Males were tested before
females to avoid bias due to the females’ pheromones. The investigator was blinded
to the genotype until the second week of life. At this age, AslNeo/Neo mice were easily
distinguishable from wild-type or heterozygote mice by the fur pattern.
Righting reflex and grid walking tests were performed from day 1 and 14,
respectively. Other tests were performed from the age of 2 months onwards.

2.5.1 Righting reflex

The mouse is placed in the supine position. The time in seconds to turn over to the
prone position and place the 4 paws in contact with the surface is monitored.

2.5.2 Grid walking test

The mouse is placed on a stainless steel grid floor (20 x 40 cm with a mesh size of 3
cm2) elevated 30 cm above the benchtop (Figure 25). The number of foot faults
(where a limb fell through the grid) over a 30 second time period and the number of
steps are both recorded.
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Figure 25. Picture of a 2 week-old mouse performing the grid walking test

2.5.3 Rotarod

After a period of acclimatisation including 3 trials per day for 3 consecutive days, the
test was performed on a Rotarod LE 8200 (Panlab, Harvad apparatus, Cambridge,
UK) with 3 attempts per day for 5 consecutive days. The latency to fall from the rod
under continuous acceleration from 4 to 40 revolutions per minute (rpm) over 5
minutes was recorded in accordance with previous published work (314) (Figure 26).
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Figure 26. Picture of rotarod test
A wild-type mouse has fallen in the far left lane. An AslNeo/Neo mutant is falling in the
second lane from the left. Wild-type phenotypic mice are running in the other lanes.

2.5.4 Open field test

The animal was placed in the centre of a plastic box (40 x 40 cm floor) and videorecorded for 5 minutes. Computational analysis of video records to analyse the
distance walked was automatically performed using
i) either the Vernier Video Physics and Vernier Graphical analysis softwares
(http://www.vernier.com/products/software), which allows a manual tracking on iPad.
This was used for analysing results in Section 5.3.1 (Figure 27);
ii) or the MouseLabTracker v0.2.9 application on Matlab software (Mathworks,
Natick, MA, USA) (315), which performs automated analysis. This was used for
analysing results in Section 7.7.1 (Figure 28).
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Figure 27. Open field test: mouse tracking using Vernier Video Physics
software

Figure 28. Open field test: mouse tracking using MouseLabTracker
application
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2.5.5 Novel object recognition test

During the first phase, two identical objects were placed in a plastic box (40 x 40 x 40
cm) and the mouse was free to explore for 3 minutes. Four hours later, a second
phase was tested and the mouse was presented a familiar object already explored in
the first phase and a novel object that they had not been exposed to before. An
active exploration was defined as the nose of the animal approaching less than 2 cm
from the object. The time of exploration (3 minutes) was recorded using a timer. This
test was performed with a minimum of 48 hours interval after the open field test
based on published guidelines (316).

2.5.6 Tail suspension test

The mouse was suspended by the tail with vinyl tape placed at 3/4 of the way from
the base of the tail with a 10 cm distance from the head to the floor over 5 minutes
(Figure 29). A 5 cm long plastic cylinder with soft edges was applied around the
base of the tail to prevent any climbing behaviour usually observed with the C57BL/6
strain. The time of recording was 6 minutes. Initially the mouse struggles to face
upward; when the animal becomes immobile and stops struggling, he is considered
to have given-up. Prolonged immobility is considered as a depression-like state
(317).
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Figure 29. Tail suspension test
A plastic cylinder around the tail prevents the mouse climbing back up.

2.6 Biomarkers
2.6.1 Blood sampling and analysis
Reagents used are as detailed in the Appendix 10.3.5.
Blood was collected by tail vein puncture. Blood volume was in accordance with the
Home Office regulation i.e. either 10% of the mouse blood volume once a week or
15% of the mouse blood volume once a month.
Blood sampling was performed under isoflurane anaesthetics either by terminal
bleeding with cardiac puncture or tail vein bleeding after a 10-30 minutes pre-heating
stay in a heating chamber maintained at 37°C.
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For dried blood spot collection, whole blood was immediately spiked onto a Guthrie
card provided by the Newborn Screening Department, Great Ormond Street Hospital,
London. Guthrie cards were let drying at room temperature for 24 hours before being
stored in a foil bag with desiccant at -20°C.
Whole blood was collected in a 0.2 mL microcentrifuge tube with 10 µL of sodium
heparin (1,000 IU/mL), vortexed and centrifuged at 16,000 g for 5 minutes at room
temperature. Red blood cells and plasma were separated forming a pellet and a
supernatant, respectively. Plasma was then pipeted carefully, then immediately
frozen and stored at -20°C until analysis.
Basic biochemistry parameters in plasma (potassium, urea, creatinine, albumin, liver
function

tests

i.e.

transaminases,

gamma-glutamyl

transpeptidase,

alkaline

phosphatase, and ammonaemia) were analysed in the Chemical Pathology
Department, Great Ormond Street Hospital, London.

2.6.2 Urine sampling and analysis
Urine was collected daily for 3 to 5 consecutive days by gently holding the mice by
the scruff of the neck to stimulate urination. Urine was pipeted and collected into preopened 0.2 mL microcentrifuge tube on wet ice, immediately frozen after collection
and stored at -20°C until analysis.
Urine argininosuccinic acid and creatinine levels were measured at Chemical
Pathology Department, Great Ormond Street Hospital, London.

2.6.3 Nitrite and nitrate measurements (Griess reaction)
Oxidative derivatives of nitric oxide, nitrite (NO2-) and nitrate (NO3-) are directly
proportional to the level of nitric oxide in tissues. NO2- is an unstable compound and
oxidises spontaneously in NO3-. This step can be reverted via the catalytic activity of
nitrate reductase. The Griess reaction is based on a diazotization reaction.
Sulfanilamide reacts with NO2- in acidic conditions to form a diazonium salt, which
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reacts with N-1-naphthylethylenediamine dihydrochloride to form a pink azo dye
agent, which shows a maximal absorbance with a 550 nm wavelength. Nicotinamide
adenine dinucleotide phosphate (NADPH) is required as a cofactor for the reduction
as are glucose-6-phosphate dehydrogenase and glucose-6-phosphate, which allow
recycling of NADP into NADPH (Figure 30).

Diet
Nitrate (NO3-)
6-Phosphoglucono-δ-lactone

NADPH

Glucose-6-phosphate
Dehydrogenase

NADP

Glucose-6-phosphate

Griess reac9on

Nitrite (NO2-)

Reduc&on

Oxida&on

Nitrate
Reductase

Biologically
ac9ve
molecule

Nitric oxide (NO)
Nitric oxide
Synthase

L-arginine + O2
Figure 30. Nitric oxide metabolism and principle of Griess reaction
NADP:

Nicotinamide

adenine

dinucleotide;

NADPH:

Nicotinamide

adenine

dinucleotide phosphate.

Reagents and buffers used are as detailed in the Appendix 10.3.6.
Samples were collected carefully in order to minimise the risk of NO3- and NO2contamination. For this purpose, all glassware and plasticware were first cleaned with
double distilled water (ddH2O). Animals were anaesthetised and perfused on wet ice.
Organs were collected on wet ice in less than 3 minutes in a 1.5 mL microcentrifuge
tube according to Glowinsli and Iversen (318) and snap-frozen immediately on dry
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ice. Samples were homogenised in 2 volumes of ddH2O with a grinder (Tissue
Master 125, OMNI International, Kennesaw, GA, USA) on ice then centrifuged at
16,000 g at room temperature for 10 minutes in 3,000 kDa cut-off filters (Merck
Millipore, Darmstadt, Germany).
The Griess reaction protocol was adapted from Waddington et al (319). Enzymatic
stocks were made and stored as follows: nitrate reductase was dissolved in 1:1
phosphate buffer:glycerol to a final specific activity of 59 units/mL and stored at
-20°C. Glucose-6-phosphate dehydrogenase was dissolved in 1:1 nitrate assay
phosphate buffer:glycerol to a final specific activity of 125 units/mL and stored at
-20°C. The enzyme mastermix was made fresh for each experiment using a mixture
of 1 mL of phosphate buffer, 10 μL of nitrate reductase stock solution, 10 μL of
glucose-6-phosphate dehydrogenase stock solution, 1.14 mg of glucose-6phosphate. A calibration curve, covering a range of 0 - 600 µM was prepared using
serial dilutions of nitrite and nitrate standards. Analysis was performed in a 96-well
plate and each sample was analysed in duplicate. 60 μL of sample was mixed with
10 μL of 10 mM NADPH and 40 μL of enzyme mastermix. Samples were incubated
for 1 hour at room temperature on a rotating shaker to allow conversion of NO3- to
NO2-. The Griess reaction was performed by adding 75 µL of 116 mM sulfanilamide,
5% phosphoric acid, then 75 µL of 7.7 mM N-1-naphthylethylenediamine
dihydrochloride. The plate was read at 550 nm in a FLUOstar Omega
spectrophotometer (BMG Labtech, Ortenberg, Germany). Concentrations of
cumulative NO3- and NO2- were calculated from the standard curve. To calculate the
NO2- alone, the same Griess reaction was performed with 150 µL of sample without
the nitrate reduction step and a NO2- standard curve. The NO3- levels were
extrapolated by subtracting NO2- from the total NO2- and NO3- value.

2.6.4 Cyclic guanosine monophosphate (cGMP) measurement
Brain samples from phosphate buffered saline (PBS) perfused mice were flashfrozen in dry ice and stored at -80°C before being ground in liquid nitrogen. Samples
were weighed and diluted in 10 volumes of 0.1 M hydrochloric acid (HCl) prior to
centrifugation at 600 g for 10 minutes. cGMP was measured using a cGMP complete
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ELISA kit (Enzo Life Sciences, Farmingdale, NY, USA) according to manufacturer’s
instructions in a non-acetylated format reaction.
Samples were analysed in a 96-well plate in wells pre-coated with an affinity-purified
antibody contained in the commercial kit, GxR IgG antibody. This antibody was
binding a rabbit polyclonal antibody anti-cGMP administered in 50 µL of a pre-diluted
mix available in the kit. This second antibody bound, in a competitive manner, either
the cGMP contained in 100 µL of the tested sample or 50 µL of a blue solution
containing cGMP conjugated to alkaline phosphatase. After having added the
reagents, the plate was incubated on a rocking shaker (Mini gyratory rocker SSM3,
Stuart, Stone, UK) at 500 rpm for 2 hours at room temperature. Wells were then
emptied and washed 3 times with a wash buffer provided in the commercial kit and
only the bound cGMP was left in the wells. 200 µL of a substrate solution pNitrophenyl phosphate (pNpp) was then added to the wells and the plate incubated
for an hour at room temperature without shaking. pNpp was catalysed by the alkaline
phosphatase binding cGMP; this generated a yellow color, the maximal absorbance
of which could be read at 405 nm in a FLUOstar Omega spectrophotometer (BMG
Labtech, Ortenberg, Germany). The signal read was indirectly proportional to the
amount of cGMP in the sample. Quantification was performed using a standard curve
of 5 calibrated points provided in the commercial kit, which ranged from 0.8 to 500
nM.

2.6.5 Glutathione analysis.
Reduced glutathione was measured as described previously by Kamencic et al (320).
Snap-frozen samples were weighed, thawed and homogenized in 20 volumes of cold
50 mM Tris buffer pH 7.4 prior to sonication (Branson Ultrasonics Sonifier S-450,
Branson, Danbury, CO, USA). Monochlorobimane (at a final concentration of 100
µM) and glutathione-S-transferase (1 IU/mL) were added to the samples prior to
incubation at room temperature whilst protected from light for 30 minutes. Samples
were analysed in a FLUOstar Omega spectrophotometer (BMG Labtech, Ortenberg,
Germany) using an excitation wavelength of 360 nm and an emission wavelength of
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450 nm. Quantification was performed from a standard curve of reduced glutathione
dissolved in 50 mM Tris buffer (pH 7.4) and ranging from 0 to 200 µM.

2.7 Histopathological assessment
Immunostaining was performed on gelatin double-coated slides prepared as
described in the Appendix 10.3.7.

2.7.1 Perfusion of mice, organ collection and storage
Reagents used are as detailed in the Appendix 10.3.8.
Mice were anaesthetised by isoflurane in an anaesthetic chamber. When the animal
was fully anaesthetised and did not respond when their toes were pinched, the
animal was placed on the procedure area with an adapted anaesthetic mask. With
scissors, the skin, the abdominal wal, the diaphragm and the rib cage were
subsequently cut to expose the heart. A small incision was made in the right atrium.
A 10 mL syringe of sterile PBS prepared in advance was inserted in the left ventricle
and the PBS was injected slowly over 1 to 2 minutes. The exposed liver turned a light
brown colour as long as the blood was removed and leaking from the right atrium.
The organs were then collected in 1.5 mL microcentrifuge tube labelled appropriately.
For paraffin embedding, peripheral organs were fixed in 10% formalin for 24 hours at
4°C then stored in 70% ethanol at 4°C until processing. The brain was extracted as
follows: the head was cut from the body, the skin peeled from the skull. The skull was
fixed for 24 hours at 4°C in 4% paraformaldehyde (PFA), then the skull was removed
carefully and the brain itself fixed for the next 24 hours at 4°C in 4% PFA. Then the
brain was stored in 30% sucrose at 4°C until processing.
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2.7.2 Sectioning of mice brains on freezing microtome
Reagents and buffers used are as detailed in the Appendix 10.3.9.
Dry ice was placed on the receptacle of a microtome (Carl Zeiss, Welwyn Garden
City, UK) and a new blade (MX35 Premier Disposable Low-Profile Microtome Blades,
Thermo Scientific, Loughborough, UK) put in place. An embedding matrix (Shandon
embedding matrix, Thermo Scientific, Loughborough, UK) was placed on the
receptacle and allowed to cool down and solidify. Before full solidification, the brain
was placed with the olfactory bulbs facing up for coronal sections. The brain was
then covered with a dry ice powder until frozen. The blade was then positioned to
start sectioning the brain (40 μm thick slices) from the olfactory bulbs to the bulb.
Each slice was carefully removed from the blade with a brush and placed in a 96-well
plate with TBSAF (Tris-buffered saline, sodium azide). When sealed, the plate was
stored at 4°C.

2.7.3 Stereoscopic fluorescence microscopy

GFP expression was assessed using a stereoscopic fluorescence microscope
(MZ16F, Leica, Wetzlar, Germany).

2.7.4 Brain free-floating immunohistochemical staining

Reagents and buffers are detailed as in the Appendix 10.3.10.
Brain sections were placed in a petri dish containing 1x TBS (Tris-buffered saline)
and a few drops of TBS-T (Tris-buffered saline-Triton) to break the surface tension,
and then transferred to a 6-well plate. Each following step was separated by 3
washes of 5 minutes in TBS. Incubations were performed on a shaker (Mini gyratory
rocker SSM3, Stuart, Stone, UK) at room temperature except where stated
otherwise.
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Blocking of endogenous peroxidase in TBS/1% H2O2 for 30 minutes was followed by
blocking of non-specific protein binding in Tris-buffered saline–Triton (TBST) /15%
normal goat serum. An overnight incubation of primary antiserum diluted in
TBST/10% normal serum was performed at 4°C with anti-GFP (1:10,000; Ab290,
Abcam, Cambridge, UK), anti-nitrotyrosine (1:800; 06-284, Merck Millipore,
Temecula, CA, USA), anti-nNOS (1:200; bs10197R, Bioss antibodies, Woburn, MA,
USA), anti-iNOS (1:500; NBP1-50606, Novus Biologicals, Abingdon, UK), anti-eNOS
(1:300; 610296, BD Transduction Lab), anti-GFAP (1:500; MAB3402, Merck
Millipore, Temecula, CA, USA), and anti-CD68 (1:100; MCA1957, Biorad, Serotec)
antibodies. The next day, a 2-hour incubation of the biotinylated antiserum (i.e.
biotinylated goat anti-rabbit, anti-mouse and anti-rat secondary antibodies, Vector,
Burlingame, CA, USA) diluted 1:1000 in TBST/10% normal serum, followed by a 2
hours incubation of the Vectastain (avidin-biotin) solution (avidin and biotin diluted
1:1000 in TBS, prepared 30 minutes in advance; ABC; Vector, Peterborough, UK).
Detection was performed using a 0.05% 3,3’-diaminobenzidine (DAB) solution diluted
in TBS prealably mixed and filtered through a 0.45 μm syringe filter 30 minutes
before use. 6 µL of hydrogen peroxide (H2O2) was added to the resulting diluted DAB
solution, which was then mixed and wrapped in foil before immediate use. 1 mL of
this solution was added to sections, wrapped in foil to avoid photosensitivity, for 3-5
minutes and stain intensity was checked regularly during incubation. The reaction
was stopped by the addition of ice cold TBS. The slides were dried at room
temperature for 24 hours, dehydrated in 100% ethanol for 5 minutes, let dry, washed
in Histoclear for 5 minutes, let dry and mounted with cover-slips using a blob of
mounting agent DPX-new (Merck Millipore Corporation, Temecula, CA, USA) in a
fume cupboard.

2.7.5 Brain free-floating immunofluorescence
As described previously (321), free-floating sections were blocked in TBST/15%
normal goat serum and incubated overnight at 4°C with anti-GFP (1:4000; Ab290,
Abcam, Cambridge, UK) and anti-NeuN (1:4000; Millipore, Billerica, MA, USA)
diluted in TBST/10% normal goat serum. After 3 washes with TBS, samples were
incubated with goat anti-rabbit Alexa 488 and goat anti-mouse Alexa 546 (1:1000;
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Invitrogen, Pailey, UK). After 3 further washes, sections were incubated with DAPI
(1:2000; Invitrogen) and mounted on chrome-gelatin-coated slides and cover-slipped
with Fluoromount (Southern Biotech, Birmingham, AL, USA).

2.7.6

Paraffin-embedded

immunohistochemical

staining

for

systemic organs
Reagents and buffers used are detailed as in the Appendix 10.3.1110.3.11
Reagents and buffers for immunostaining in paraffin-embedded slides.
Fixed peripheral organs were cut and paraffin-embedded in the Pathology lab,
Institute of Neurology, University College London, London and stored in plastic boxes
at room temperature.
Paraffin-embedded sections were dewaxed, dehydrated in an ethanol gradient (2
batches of Histoclear for 5 minutes each, 2 batches of 100% ethanol for 5 minutes
each, 95% ethanol for 5 minutes, 75% ethanol for 5 minutes, distilled water for 5
seconds) before a 30-minute incubation in 1% H2O2 (diluted in methanol) to block any
remaining endogenous peroxidase. An antigen retrieval step was performed using 10
mM sodium citrate buffer pH 7.4 as follows: the cuvette containing the slides was
placed in a sink under running tap water for 5 minutes to remove methanol. Then,
slides were placed in a plastic box containing citrate buffer and boiled for 20 minutes
in a microwave. Slides were allowed to cool in the citrate buffer gradually at room
temperature and prior to washing with TBS.
Non-specific binding was blocked by incubating the slides for 30 minutes with 15%
normal goat serum (Vector, Burlingame, CA, USA). After 3 washes in PBS, sections
were incubated with primary human anti-ASL (1:1000; Ab97370, Abcam, Cambridge,
UK) and primary rabbit polyclonal anti-GFP (1:1000; Ab290, Abcam, Cambridge, UK)
antibodies diluted in 10% goat serum in TBST overnight at 4 °C. Detection was
performed

with

Polink-2

HRP

Plus

Rabbit

Detection

System

for

Immunohistochemistry (GBI labs, Mukilteo, WA, USA) as per manufacturer’s
instructions described as follows. After 3 washes of 5 minutes with TBS, a ready-touse rabbit antibody enhancer provided in the kit was added onto the sections and
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incubated for 10 minutes in a moist chamber. Without any intermediary wash, the
secondary goat anti-rabbit biotinylated IgG antiserum diluted in 10% goat serum in
TBST was incubated for 45 minutes followed by 3 washes of 5 minutes with TBS.
Then, the detection solution with DAB was prepared as follows: one drop of DAB
chromogen was added to 1 mL of DAB substrate and protected from light. 100 μL per
slice were incubated in a moist chamber for 5 minutes and colour development was
monitored under microscope. The tissue slice was then rinsed with tap water,
mounted and dehydrated. After dehydration in a gradient of ethanol and three
washes in xylene, slices were cover-slipped with DPX-new (Merck Millipore
Corporation, Temecula, CA, USA).
Initial studies did not use the Polink-2 HRP Plus Rabbit Detection System for
Immunohistochemistry and used the following antibodies: green fluorescent protein
immunostaining required a primary rabbit polyclonal anti-GFP antibody (Abcam 290,
Abcam, Cambridge, UK) diluted 1:1,000 in 10% goat serum in TBST; a secondary
goat anti-rabbit biotinylated IgG (Vector, Burlingame, CA, USA) diluted 1:200 in 10%
goat serum in TBST with blocking goat serum (Vector, Burlingame, CA, USA).
Immunostaining of argininosuccinate lyase was performed using a primary human
anti-ASL antibody (Abcam 97370, Abcam, Cambridge, UK) diluted 1:1,000 (liver and
muscle) or 1:100 (other peripheral organs) diluted in 10% goat serum in TBST; a
secondary goat anti-rabbit biotinylated IgG (Vector, Burlingame, CA, USA) diluted
1:200 in 10% goat serum in TBST with blocking goat serum (Vector, Burlingame, CA,
USA).

2.7.7 Nissl staining

Reagents and buffers used are detailed as in the Appendix 10.3.12.
Brain sections were fixed initially in 4% PFA for 24 hours then in 70% ethanol for 24
hours. On day 3, sections were incubated in Cresyl Violet solution (BDH, East
Grinstead, West Sussex, UK) for 3 minutes followed by dehydration in an ethanol
gradient (70%, 90%, 96%, 96% with acetic acid, 100%), isopropanol, and 3 washes
in xylene before being cover-slipped with DPX-new (Merck Millipore Corporation,
Temecula, CA, USA).
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2.7.8 Terminal Transferase-Mediated d-UTP Nick End-Labelling
(TUNEL) staining
Reagents and buffers used are detailed as in the Appendix 10.3.13.
TUNEL staining was performed as described previously (322) using the Roche kit
(Roche, Welwyn Garden City, Hertfordshire, UK). Briefly, sections were incubated in
3% hydrogen peroxide in methanol for 15 minutes and washed in 0.1 M phosphate
buffer

(PB)

before

incubation

with

a

solution

containing

0.1%

terminal

deoxytransferase (TdT), 0.15% deoxyuridine trisphosphate (dUTP) and 1%
cacodylate buffer at 37°C for 2 hours. The reaction was stopped by incubating the
section in TUNEL stop solution (300 mM NaCl, 300 mM sodium citrate) for 10
minutes. Sections were then washed in 3 x 0.1 M PB solution, incubated with avidinbiotinylated horse radish peroxidase (ABC; 1:100; Vector, Peterborough, UK) at room
temperature for 1 hour, washed 4 times in 10 mM PB and visualised with DAB
enhanced with cobalt nickel. The reaction was stopped by immersing the slide in 10
mM PB and washed twice in double-distilled (ddH2O) water.
Counting of TUNEL positive cells was performed as follows : ten random pictures per
animal was observed at low magnification in the brain region studied. The number of
TUNEL positive cells per animal was summed.

2.7.9 Haematoxylin and eosin (H&E) staining
Reagents and buffers used are detailed as in the Appendix 10.3.14.
This staining is the standard morphological staining for formalin-fixed paraffinembedded sections.
The staining was performed according to the Standard Operating Procedure protocol
used by the Histopathology laboratory, Great Ormond Street Hospital, London.
Sections were dewaxed in xylene, hydrated down through graded alcohol solutions to
water, stained in Harris Haematoxylin for 5 minutes, rinsed in tap water and
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differentiated in 1% acid ethanol. Sections were then washed (5 minutes) in running
tap water and counterstained in 1% eosin for 3 minutes, rinsed briefly in running tap
water and dehydrated through ascending grades of alcohol. Sections were then
cleared in xylene and mounted.

2.7.10 Periodic Acid-Schiff (PAS) staining
Reagents and buffers used are detailed as in the Appendix 10.3.15.
Periodic Acid-Schiff reaction enables the visualisation of glycogen granules and
carbohydrates in tissues. Periodic acid oxidises carbohydrates resulting in the
formation of aldehydes. The basic fuschin contained within the Schiff’s reagent
(which also contains HCl and sodium metabosulfite) reacts with newly formed
aldehyde groups to form a pink/red colour.
The staining was performed according to the Standard Operating Procedure protocol
at the Histopathology laboratory, Great Ormond Street Hospital, London. Sections
were dewaxed in xylene, hydrated down through graded alcohol solutions to water,
rinsed in tap water then distilled water, incubated for 10 minutes in 0.5% periodic
acid, rinsed in distilled water, stained (10 minutes) with Schiff reagent, then rinsed in
distilled water. Sections were then washed for 5 minutes in running tap water as this
develops the magenta staining and counterstained in 1% eosin for 1 minute, rinsed
briefly in running tap water and dehydrated through ascending grades of alcohol.
Sections were then cleared in xylene and mounted.
A positive control is presented in Appendix 10.3.27.

2.7.11 Masson trichrome staining
Reagents and buffers used are detailed as in the Appendix 10.3.16.
Masson trichrome staining is used to distinguish collagen structures and assess
fibrotic changes.
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The staining was performed according to the Standard Operating Procedure protocol
used at the Histopathology laboratory, Great Ormond Street Hospital, London.
Sections were dewaxed in xylene, hydrated down through graded alcohol solutions to
water, and pre-treated in 3% potassium dichromate for 1 hour at 60°C. Then,
sections were stained with Celestin blue working solution for 1 minute then in
Mayer’s haematoxylin for 3 minutes, washed in tap water, stained with Masson
trichrome working solution for 10 minutes at 4°C, rinsed in distilled water, dehydrated
through ascending grades of alcohol, cleared in xylene and mounted.
A positive control is presented in Appendix 10.3.27.

2.7.12 Oil red O staining
Reagents and buffers used are detailed as in the Appendix 10.3.17.
This staining demonstrates abnormal deposition of fat, with the dye dissolving in the
lipid content present and being more soluble in the cellular lipid than in the dye
solvent. Dye molecules will migrate from the solvent into the tissue lipid and stain the
tissue.
The staining was performed according to the Standard Operating Procedure protocol
used at the Histopathology laboratory, Great Ormond Street Hospital, London. Slides
were rinsed in 70% ethanol then incubated for 2 hours in Oil Red O working solution
in a coplin jar. Samples were then rinsed quickly in 70% ethanol then in water,
stained for 1 minute in Mayer’s haematoxylin, washed in tap water and mounted in
aqueous mounting medium.
A positive control is presented in Appendix 10.3.27.

2.7.13 Microscopy and images
Representative images were captured usiong a microscope camera (DFC420, Leica
Microsystems,

Milton

Keynes,

UK)

and

Microsystems).
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2.7.14 Quantification of staining
Ten random images per sample were captured with a microscope camera (DFC420;
Leica Microsystems, Milton Keynes, UK) and software (Image Analysis; Leica
Microsystems). Quantitative analysis was performed with thresholding analysis using
the Image-Pro Premier 9.1 software (Rockville, MD, USA).
For TUNEL staining, quantification was performed manually from 10 random pictures
of the same area for each sample. Staining positive cells were summed and the
average was used for the analysis.

2.8 Electronic microscopy
Transmission electron microscopy is a microscopy technique based on the
interactions of a beam of electrons as it passes through an ultrathin sample. An
image is formed from the electrons transmitted through the specimen, is magnified
and focused by an objective lens and displayed on an imaging screen. As the
wavelength of the electrons is much smaller than the wavelength of light, the optimal
resolution is up to 3 orders of magnitude better than that of a light microscope (323).
For visualisation, fixation and dehydration of the sample are essential so that the high
energy caused by the electron beam and the vacuum inside the microscope,
necessary for avoiding deflection of the electrons, do not destroy or affect it. The
process of sample preparation should preserve the ultrastructure of the cells and
tissues. Dehydration is followed by incubation in a transient solvent before infiltration
and embedding in a liquid resin. Embedding allows the sample, now a resin block, to
be cut in thin or ultra thin sections. Thin sections are stained and looked at with an
optic microscope to ensure the absence of major artefact during preparation and
select appropriate areas of the sample. Ultra thin sections are then cut with an
ultramicrotome, collected on metal mesh grids and stained with electron dense
stains, usually with heavy metals, to increase the contrast of the image before
observation in the electron microscope.
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Liver samples were processed by Mrs Kerrie Verner, Electron microscopy unit,
Institute of Neurology, University College London, London following recommended
fixation and preparation methods for liver samples (323). I took the pictures under the
supervision of Mrs Kerrie Verner.
Samples were fixed at time of collection and stored at 4°C in a solution of 3%
glutaraldehyde, 0.1 M sodium cacodylate buffer pH 7.4, 5 mM CaCl2 kindly provided
by Dr Alex Virasami from the Histopathology laboratory, Great Ormond Street
Hospital, London.
Sample preparation consisted of an initial wash in distilled water then incubation in
1% aqueous osmium tetroxide (OsO4) for 3 hours at 4°C followed by a further wash
in distilled water. The sample was then dehydrated in an increasing gradient of
ethanol concentrations (70% ethanol for 10 minutes twice, 90% ethanol for 10
minutes twice, then 100% ethanol for 10 minutes 4 times). Further incubation in 1,2epoxypropane for 15 minutes twice and then in an equal volume of 1,2epoxypropane/araldite CY212 resin mixture for an hour was performed prior to
leaving in pure araldite CY212 resin mixture overnight. Samples were then
embedded in moulds using neat araldite CY212 resin mixture the next day and left
for 3 days at 60°C to allow the resin to polymerise. Semi-thin sections of the sample
of 950 nm width were then cut on a Reichert ultracut E ultramicrotome (ReichertJung, Wien, Austria) with a Diatome Histo diamond knife (Diatome, Hatfield, PA,
USA). These were stained with 1% toluidine blue in 1% borax. Optic microscopy of
these sections confirmed the absence of major artefact that may have occured during
fixation and preparation and selected areas were targeted for further utra thin
sectioning. Sections were cut on the ultramicrotome with a Diatome Ultra diamond
knife (Diatome, Hatfield, PA, USA), and collected on 400 mesh copper grids (Agar
Scientific, Stansted, UK). Samples were then stained with 25% uranyl acetate in
methanol and Reynolds lead citrate (324). Images were captured with a Philips
CM10 Transmission electron microscope (Philips Electron Optics, Eindhoven, The
Netherlands) using the Megaview Olympus digital imaging system (EMSIS,
Manchester, UK).
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2.9 Western Blot of murine argininosuccinate lyase
Reagents and buffers used are detailed as in the Appendix 10.3.18.
Samples were collected and immediately snap-frozen in dry ice. Samples were
stored at -20°C before analysis. For processing, samples were crushed in a precooled pestle and mortar with regular pouring of liquid nitrogen on the sample to
ensure they remained frozen. The powder was then stored at -80°C. Cell lysis was
performed by resuspending the samples in 1x NP-40 lysis buffer. The mixture was
incubated with gentle rotation at 4°C for 30 minutes and after sonication the lysate
was clarified by centrifugation at 14,000 g for 15 min at 4°C. The protein
concentration for each sample lysate was measured using the PierceTM BCA protein
assay kit (ThermoFisher Scientific, Rockford, IL, USA) according to manufacturers’
instructions and read at 570 nm in a FLUOstar Omega spectrophotometer (BMG
Labtech, Ortenberg, Germany). 150 μg of protein from sample lysate were diluted in
5x Laemlli loading buffer and denatured for 5 minutes at 100°C before being loaded
onto a NuPAGE Novex 4-12% Bis-Tris protein gel, 1.0 mm, 10 well (Invitrogen
Thermo Scientific, Loughborough, UK). The gel was run in 1x Tris-glycine buffer for
one hour (till the loading dye had reached the bottom of the gel) at 120 Volts. A
protein ladder (Page Ruler; Fermentas, York, UK) was run alongside the samples, on
the same gel, to evaluate the correct size of the protein bands. Proteins were then
transferred to a polyvinylidene difluoride (PVDF) membrane using a wet transfer
method. The PVDF membrane was first activated in methanol before the blotting
sandwich was prepared in 1x Transfer Buffer in the following order: fibre pad, filter
paper, PVDF membrane, gel, filter paper, fibre pad. The sandwich was then placed
into the transfer device (Mini-PROTEAN® Tetra Cell Systems, Bio-Rad, Watford, UK)
in order to allow the electrotransfer of proteins from the gel to the PVDF membrane.
The transfer was performed in 1x Transfer Buffer at 250 mA for 1.5 hours, with an ice
block to prevent overheating and temperature fluctuations during protein transfer.
During the detection process the membrane was first blocked in 10 % dried non-fat
milk powder in PBST, on a roller, for one hour at room temperature. The membrane
was then incubated with the primary antibody diluted in 5 % milk solution for one hour
at room temperature. The membrane was then washed three times on a shaker (200
rpm), for 10 minutes each time. After the third wash, the membrane was incubated
125

Chapter 2 – Material and Methods
with secondary antibody diluted in 5% milk solution and incubated at room
temperature for one hour. ASL was identified using a primary human antiargininosuccinate lyase antibody (Abcam 97370, Abcam, Cambridge, UK) diluted
1:1,000 and the secondary polyclonal goat anti-rabbit HRP IgG (Dako, Glostrup,
Denmark) diluted 1:2,000. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
protein was identified using the primary mouse anti-GAPDH antibody (Abcam 9484,
Abcam, Cambridge, UK) diluted 1:10,000 and the secondary polyclonal rabbit antimouse HRP IgG (Dako, Glostrup, Denmark) diluted 1:15,000. The secondary
antibodies were all conjugated to Horse Radish Peroxidase (HRP), which allowed
detection once the membrane had been incubated for 2 minutes with the ECL+
western blotting detection system reagents (GE Healthcare) at a ratio of 1:40 for
reagents A and B, respectively. Exposure of the autoradiography film (Kodak) was
performed for variable periods of time depending on the signal strength of the protein
of interest after subsequent development in an X-ray film developer (Konica Minolta).
The band intensities were scanned and quantified using the densitometry function of
Fiji (Fiji is just Image J) software (325).

2.10
Green
fluorescent
immunosorbent assay

protein

enzyme

linked

Reagents and buffers used are detailed as in the Appendix 10.3.19.
Protein extraction was performed using a β-galactosidase enzyme linked
immunosorbent assay (ELISA) (Roche, Mannheim, Germany). Lysis buffer was
added to cover the sample and the sample was frozen and thawed a couple of times
prior to grinding with a homogeneizer (Tissue Master 125, OMNI International,
Kennesaw, GA, USA). The sample was then centrifuged for 2 minutes at 3,500 g and
the supernatant collected. The protein concentration for each sample was measured
using the PierceTM BCA protein assay kit (ThermoFisher Scientific, Rockford, IL,
USA) according to manufacturers’ instructions and read at 570 nm in a FLUOstar
Omega spectrophotometer (BMG Labtech, Ortenberg, Germany). Each step of the
ELISA protocol was separated by 3 washes of a wash buffer (0.05% Tween20 in
PBS). A monoclonal anti-GFP antibody (diluted 1:10,000; ab1218, Abcam,
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Cambridge, UK) was added to the plate overnight at 4°C followed by blocking with
1% bovine serum albumin in PBS for one hour at 37°C. Analysis was done in a
sealed 96-well plate and all samples were measured in duplicate. GFP standards
were serially diluted in wash buffer and incubated alongside a buffer blank and the
samples for one hour at 37°C. An anti-GFP biotin-conjugated secondary antibody
(diluted 1:5,000; Ab6658, Abcam, Cambridge, UK) followed by a streptavidinhorseradish peroxidase conjugate (diluted 1:20,000; SNN2004, Invitrogen, Camarillo,
CA, USA) were added to the samples. Both were incubated for one hour at 37°C,
successively. Tetramethylbenzidine (TMB) was then added for 2 minutes at room
temperature before the reaction was stopped by the addition of 2.5 M H2SO4. The
plate was read at 450 nm within 30 minutes in a FLUOstar Omega
spectrophotometer (BMG Labtech, Ortenberg, Germany).

2.11 Quantitative PCR
Reagents and buffers used are detailed as in the Appendix 10.3.20.
Liver samples were frozen and stored at -20°C before DNA extraction with the
DNeasy blood and tissue kit (QIAgen, Crawley, UK) according to manufacturer’s
instructions.

In Chapter 6, specific detection of the WPRE sequence was performed using probebased quantitative PCR and the following set of primers:
5'-FAM-CTTCTGCTACGTCCCTTCGGCCCT-3'-TAMRA
(Genethon)

Probe);

(WPRE

5’-TGGATTCTGCGCGGGA-3’

mut

6

PCR

(sense);

5’

GAAGGAAGGTCCGCTGGATT 3’ (antisense). The mouse titin gene was used as a
housekeeping gene to normalise the data and was amplified using a set of primers
specific for exon 5 of the gene: 5'-FAM-TGCACGGAAGCGTCTCGTCTCAGTC3'TAMRA

(probe);

5’-AAAACGAGCAGTGACGTGAGC-3’

(sense);

R

5’-

TTCAGTCATGCTGCTAGCGC-3’ (antisense) (326). The Platinum® Quantitative
PCR SuperMix was prepared following manufacturer’s instructions (Table 8) in a
PCR workstation. Reactions were performed in triplicate for samples and serial
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dilutions of plasmid standards containing the WPRE and titin. Samples were set up in
0.2 mL MicroAmp reaction tubes (Applied biosystems, Foster city, CA, USA) and
pulsed in a centrifuged before running the reaction on an ABI 7000 SDS Thermal
cycler (Applied biosystems, Foster city, CA, USA). Standard cycling conditions used
included an initial step at 50°C for 2 minutes to activate the uracil N-glycosylase
(UNG) enzyme included in the mastermix to prevent carry-over contamination, a Hot
start activation step of 95°C for 10 minutes followed by 40 cycles of denaturation at
95°C for 15 seconds, annealing primers at 72°C for 1 second and extension at 60°C
for 1 minute without a final extension step. Results were analysed with 7000 System
SDS software using the automatic function to set baseline and cycle threshold (Ct).
Ct values were used to calculate the amount of vector genomes (vg) and cells (on
the assumption that there were 2 copies of titin per cell) from the standard curve.
Values of WPRE vector genomes were compared to titin to calculate the transduction
per cell.

Reagent

Volume (μL)

Final concentration (nM)

Universal Mastermix

12.5

1X

Forward primer

0.225

900

Reverse primer

0.225

900

Probe

0.05

200

Nuclease-free water

7

DNA sample

5

Final volume

25

Table 8. Mastermix used for quantitative PCR

In Chapter 7, a detection using a double stranded DNA binding dye (SYBR green)
was used. WPRE sequence, amplified using 5’-TTCCGGGACTTTCGCTTTCC-3’
(sense) and 5’-CGACAACACCACGGAATTG-3’ (antisense), was detected and
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normalised against glyceraldehyde 3-phosphate dehydrogenase, amplified using 5’ACGGCAAATTCAACGGCAC-3’ (sense) and 5’-TAGTGGGGTCTCGCTCCTGG-3’
(antisense). Reactions (final volume 25 μL) were carried out with 5 μL of sample, 2.5
μM of each primer, and SYBR green master mix using the Quantitect SYBR Green
PCR Kit (QIAgen, Crawley, UK). The amplification conditions were 95°C for 10
minutes followed by 40 cycles of 95°C for 15 seconds, 60°C for 1 minute, 72°C for 30
seconds. Data were processed with StepOneTM softwarev2.3 (ThermoFisher
Scientific, Rockford, IL, USA).

2.12 Cloning of the AAV vector construct
Reagents and buffers used are detailed as in the Appendix 10.3.21.

2.12.1 Plasmids
A plasmid containing the elongation factor 1α short (EFS) promoter, a modified SV40
small t antigen intron upstream of a codon optimised human VPS33B coding DNA
and a simian virus 40 late polyA (SV40 LpA) downstream (EFS-SV40-hVPS33BcoWPRE-pA) flanked by AAV2 ITRs (recipient plasmid) was a kind gift from Joanna
Hanley, post-doctoral researcher in Prof Paul Gissen’s lab. The VPS33B gene was
flanked by Nhe1 and EcoRV restriction sites up- and downstream, respectively.
The

murine

non

codon-optimised

Asl

gene

(mAsl)

(Transcript

Asl-0003,

http://vega.sanger.ac.uk/Mus_musculus/Transcript/Sequence_cDNA?g=OTTMUSG0
0000033763;r=5:130011504-130025019;t=OTTMUST00000085369) inserted in a
pCMV-SPORT6 gateway was bought from Thermo Scientific (Loughborough, UK)
and provided as an E. coli culture in LB Broth medium with 8% glycerol and ampicillin
100 mg/L.
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2.12.2 DNA extraction
2 µL of the E. coli culture containing mAsl plasmid was cultured in autoclaved LB
Broth medium with ampicillin (100 mg/L) and placed in a shaking incubator (Orbital
incubator SI500, Stuart, Stone, UK) at 37°C, 250 rpm for 24 hours. DNA was
extracted using the QIAgen Spin miniprep kit (QIAgen, Crawley, UK) as per
manufacturer’s instructions, and quantified by spectrophotometry on a FLUOstar
Omega (BMG Labtech, Ortenberg, Germany).

2.12.3 Amplification of mAsl
A set of primers was designed to amplify the mAsl insert (Figure 31): Forward
primer:

5’-CTTGCTAGCGCCACCATGGCATCAGAGA-3’

containing

the

Nhe1

restriction site and the GCC Kozak sequence, which plays a major role in the
initiation of translation for eukaryotic messenger RNA and the 16 first base pairs of
mAsl; Reverse primer: 5’-CTAAGATATCCTAGGGCTCCTGGGCTTGC-3’ containing
the EcoRV restriction site and the complementary sequence of the last 19 base pairs
of mAsl.

Nhe1,restric9on,site,, Kozak,sequence,, 16,ﬁrst,bp,of,mAsl,,
5’@CTTGCTAGCGCCACCATGGCATCAGAGA@3’,,
5’@CTAAGATATCCTAGGGCTCCTGGGCTTGC@3’,,
EcoRV,restric9on,site,, complementary,sequence,of,the,last,19,bp,of,mAsl,,

Figure 31. Design of the primers used for mAsl insert amplification before
cloning.
A set of 20 base pairs-long primers was designed to amplify the mAsl gene contained
in the gateway vector.
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The standard reaction mix for a 25 µL PCR using Q5 High Fidelity Polymerase Kit
contained 0.5 μL (0.25 units) of Q5 High-Fidelity DNA Polymerase, 5 μL of 5x Q5
buffer (for a final MgCl2 concentration of 2 mM in the standard reaction mix), 0.5 μL
of 10 mM dNTPs, 1.25 μL of each primer diluted to 10 μM, 1 ng of DNA template
(prepared as described in Section 2.12.2). Standard cycling conditions used
included an initial activation step of 98°C for 30 seconds followed by 30 cycles of
denaturation at 98°C for 5 seconds, annealing of primers at 62°C for 20 seconds and
an extension at 72°C for 45 seconds. A final extension step was performed at 72°C
for 2 minutes.

2.12.4 Agarose gel electrophoresis
The amplified mAsl plasmid (see Section 2.12.3) was run on a 1% agarose gel (see
Section 2.4.4). The expected product of 1395 base pairs was visualised on a
benchtop ultraviolet transilluminator BioDoct-It Imaging system (UVP, Upland, CA,
USA) with UVO TS software (UVP, Upland, CA, USA). The DNA band containing the
mAsl product was excised from the gel using a blade whilst viewing the gel under
direct visualisation.

2.12.5 DNA gel extraction
The gel slice containing the amplified mAsl was extracted with the QIAquick Gel
Extraction Kit (QIAgen, Crawley, UK) as per manufacturer’s instructions.

2.12.6 Restriction enzyme digestion
Restriction enzymes are used to cut plasmid DNA at specific sites allowing cloning
experiments.
The gel-purified mAsl (see Section 2.12.5) and the plasmid AAV2 ITR-EFS-SV40hVPS33Bco-WPRE-pA-AAV2 ITR were digested with the restriction enzyme EcoRV
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and then Nhe1 for 2 hours at 37°C in both cases. Each reaction was performed in a
final volume of 40 μL and contained 1 μg of DNA template, 1 unit of restriction
enzyme, 4 μL of 10x NE buffer 3.1 and nuclease free water. After digestion, the
products were run on a 1% agarose gel for gel purification before ligation. After
confirmation of the band size, the EcoRV-digested mAsl (1395 bp) and the recipient
plasmid without VPS33B (5356 bp) were extracted from the gel as described in
Section 2.12.5.

2.12.7 Alkaline phosphatase treatment
After Nhe1 digestion, an additional phosphatase step was performed to avoid selfligation of the recipient plasmid. This removed the 5’ phosphate group from the AAV
backbone to prevent re-circularisation. This required 10 minutes incubation at 37°C
then inactivation for 5 minutes at 75°C using Fast thermosensitive alkaline
phosphatase in a final volume of 40 μL containing 1 μg of DNA template, 1 unit of
alkaline phosphatase, 4 μL of 10x Fast AP buffer and nuclease free water.

2.12.8 Ligation
Ligation of the digested, de-phosphorylated recipient plasmid with the mAsl insert
was performed using an approximate 3:1 ratio based on the band intensity on a 1%
agarose gel. The reaction was incubated overnight at 4°C prior to inactivation. The
reaction contained T4 DNA ligase (800 units) in a final volume of 20 μL containing
1 μL of the recipient plasmid, 3 μL of the mAsl insert, 2 μL of 10x T4 DNA ligase
buffer and nuclease free water. A second mix with the recipient plasmid alone was
used as negative control.

2.12.9 Bacterial transformation and expansion of colonies
DH5α competent E. coli cells (Thermo Scientific, Loughborough, UK) were thawed on
ice and 50 µL mixed with either 5 μL of the recipient plasmid alone (used as a
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negative control), or 5 μL of the recipient ligated plasmid and mAsl insert, or 1 μL of
pUC19 plasmid producing ampicillin-resistant colonies (used as a positive control).
After 30 minutes of incubation on ice, the cells were heat shocked at 42°C for 45
seconds and then were replaced on ice for 5 minutes. 250 μL of SOC outgrowth
medium was added to each sample and all were incubated for one hour in a shaking
incubator at 37°C at 250 rpm. 100 μµL of cells were then spread on Agar plates,
allowed to dry, (made as detailed in Appendix 10.2.22) and incubated overnight at
37°C. Successful ligations were checked the day after by looking at colony formation
and comparing to controls. 10 colonies were carefully picked using pipette tips and
each tip placed in 5 mL of LB medium and incubated at 37°C for 24 hours shaking at
250 rpm.

2.12.10 DNA extraction, digestion and sequencing
For each clone (see Section 2.12.9), DNA was extracted from 2 mL of the mixture
using the QIAgen Spin Miniprep Kit (QIAgen, Crawley, UK). The remaining 3 mL
were stored at 4°C.
A digestion using the restriction enzyme Bgl1 was performed to check for
homologous recombination. This required 2 hours incubation at 37°C then
inactivation for 20 minutes at 65°C of a 10 μL reaction mix containing 5 μL of sample
with DNA template, 1 μL of Bgl1 restriction enzyme, 1 μL of buffer 3.1 and 3 μL
nuclease free water. Then the product of the reaction was run on a 1% agarose gel.
The predicted bands of 619, 1130, 1164, 1418 and 2345 base pairs were
appropriatey individualised in all clones (Figure 32).
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Figure 32. Bgl1 digestion of the ligated plasmid
As the digestion did show the predicted pattern of digestion thus making the
possibility of large homologous recombination highly unlikely, the ligated plasmid was
sent for sequencing to confirm the absence of mutations with the expected DNA
template.

Primers

were

designed

CAGAACACAGGTGTCGTGA;

to

Reverse:

flank

the

mAsl

insert

GCAGCGTATCCACATAGC)

(Forward:
and

the

purified plasmid was sent for sequencing to Source Bioscience (Nottingham, UK) to
verify ligation. The sequencing data was aligned using Clone Manager Basic 9, SciEd software (Morrisville, NC, USA) and the sequence of the construct, AAV2 ITREFS-SV40-mAsl-WPRE-pA-AAV2 ITR confirmed.
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2.13 AAV vector production
Reagents and buffers used are detailed as in the Appendix 10.3.23.
The steps involved in AAV vector production are summarised in Figure 33.

Figure 33. Steps for AAV vector production.
The triple transfection in HEK (Human embryionic kidney) 293T cells requires 3
plasmids, one encoding the transgene cassette flanked by the AAV2 inverted
terminal repeats (ITRs), one encoding the rep and cap genes and one encoding the
helper sequences (E2A, E4, and virus-associated RNA). After polyethylenimine (PEI)
mediated transfection, AAV vectors were collected from the media and scrapped
cells and purified via affinity chromatography. After concentration, a titration was
performed by direct visualisation of DNA via alkaline gel. A Coomassie gel was
performed to confirm the purity of the produced vector.
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2.13.1 Plasmid production
Transformation of DH5α competent E. coli cells was performed as described in
Section 2.12.9 for each of the 3 plasmids required for the triple transfection and the
bacteria were cultured in LB Broth medium in conical flasks in a shaking incubator
(200 rpm; 37°C) for 48 hours. DNA was extracted using the QIAgen Spin Miniprep Kit
(QIAgen, Crawley, UK) according to manufacturer’s instructions. DNA concentration
was measured by looking at the 260:280 nm ratio in a FLUOstar Omega
spectrophotometer (BMG Labtech, Ortenberg, Germany).

2.13.2 Triple transfection
Packaging HEK293T (Human Embryonic Kidney) cells were used to produce the
AAV vector with the triple transfection method based on the transfection of 3 different
plasmids carrying the necessary enzymatic activities to allow the synthesis of a
replicative-defective virion i.e. a plasmid containing the transgene, a plasmid
containing the AAV8 rep and cap genes provided by Penn Vector Core, University of
Pennsylvania (Philadelphia, PA, USA) and a helper plasmid containing the
adenoviral genes (E2A, E4, and virus-associated RNA) required for AAV replication
and packaging provided by the Gene Transfer Vector Core, Harvard University
(Boston, MA, USA) (327).
All the following steps were performed in a Class I laminar flow hood.
293T cells were cultured in 40 x 15 cm flasks at 37°C, 5% CO2 in Dulbecco’s
Modified Eagle’s Medium (DMEM) + 10% fetal calf serum (FCS) and passaged using
trypsin EDTA every 2 to 3 days once they had reached >70% confluence. Passage 3
onwards was considered for transfection.
For a transfection of 40 dishes of 15 cm diameter;
i) On day 0,6 mL of 0.1% polyethylenimine (PEI) adjusted to pH 7.2 was mixed with
54 mL of DMEM. 300 μg of the transgene plasmid, 300 μg of the AAV8 rep/cap
plasmid and 900 μg of the helper plasmid were added to 62 mL of DMEM and filtered
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at 0.22 μm. The 2 solutions were mixed together and left at room temperature for 20
minutes. 3 mL of this solution were then added to each dish.
ii) On day 1, DMEM + 10% FCS was replaced by 15 mL of DMEM + 2% FCS per
dish.
iii) On day 3 after 72 hours of incubation, the cells were scrapped off and collected
into 50 mL falcons. After centrifugation for 10 minutes at 1,300 g, the supernatant
was collected and stored at 4°C. The pellet was resuspended in PBS filtered at 0.22
μm and re-centrifugated for 10 minutes at 1,300 g. The pellet was then resuspended
in a final volume of 40 mL of TD buffer and stored at -80°C.
iv) The day before purification,
- the pellet was freeze-thawed 5 times to lyse the cells and release the viral particles.
Cells were then incubated in 0.5% deoxycholic acid with benzonase (50 IU/mL) to
digest all remaining plasmids. The mix was spun at 3,800 g for 30 minutes at 18°C.
The supernatant was filtered at 0.22 μm and diluted 1:3 in filtered PBS.
- the supernatant was spun at 3,800 g for 30 minutes at 4°C. 25 IU/mL of benzonase
was added to the supernatant. Then a 100 m M MgSO4 solution was added at a
1:1000 volume ratio. After 30 minutes incubation at 37°C, the solution was filtered at
0.22 μm and store in the fridge.

2.13.3 Virus purification by affinity chromatography
AAV vector particles were purified by protein affinity interaction with sepharose using
different pH buffer solutions to trap or release the AAV particles (328, 329).
AKTAprime FPLC plus chromatography system (GE Healthcare Life Sciences UK
Ltd, Buckinghamshire, UK) with Primeview 5.0 software was connected to either a
prepacked HiTrap AVB Sepharose High Performance column (GE Healthcare UK
Ltd, Buckinghamshire, UK) or a Proteus 1 mL FliQ column (Generon, Maidenhead,
UK). This column is designed specifically with a high affinity for different AAV
serotypes, essentially binding the AVB resin via a specific epitope SPAKFA at
residues 665-670 (330).
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For standard purification, the supernatant and all buffers were initially degassed with
a ME4R Vaccubrand (Diaphragm vacuumpup, Wertheim, Germany) for 30 minutes.
Then lines A and B were pre-washed with filtered 20% ethanol then line A with
filtered PBS (pH 7.5) and line B with filtered 50 mM glycine with pH adjusted at 2.7.
After attaching the column, the system was equilibrated with PBS for 20 minutes until
a flat baseline was achieved at 260 and 280 nm. The supernatant was filtered
through the system and the system washed with PBS briefly to remove unbound
protein and DNA. Elution with 50 mM glycine was then performed with visualisation
of a sharp absorbance peak indicating the release of the virus (Figure 34). The virus
was collected in 1 mL fractions into tubes with 1 M Tris adjusted to pH 8.8 to
neutralise glycine. The same process was performed for the pellet.
To remove glycine and restore a neutral pH, a dialysis was performed overnight at
4°C in PBS with a 10 kDa cut-off dialysis cassette (Slide-A-Lyzer Thermo Scientific,
Loughborough, UK).
The vector was then concentrated using Amicon Ultra 15_100kDa MWCO (Merck
Millipore, Darmstadt, Germany) after priming with PBS. The purified virus
preparations were centrifuged at 4,800 g for 5 minutes and the flow-through
discarded. The concentrated virus was then collected in a 1.5 mL microcentrifuge
tube. The membranes of the amicon filter were washed several times with 400 m L
PBS to collect the virus.
The virus was then centrifuged in a 1.5 mL microcentrifuge tube containing a 0.22 μm
filter with a cellulose acetate membrane (Corning Costar Spin-X, Sigma) at 16,000 g
for 3 minutes. Under a laminar flow hood, the filter was removed and the sterilised
virus was stored at 4°C.
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A

Ini/al wash and
equilibra/on

Filtra/on of the solu/on
containing the virus
(supernatant or pellet )

Virus elu/on

B

Peak of virus

Figure 34. Purification by affinity chromatography
Chromatograms from virus purification by affinity chromatography with ÄKTAprime
plus (A) Full run with wash and equilibration of the column, filtration of the solution
containing the virus, then elution; (B) Zoom from screen A focussed on the viral peak
eluted.
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2.13.4 Vector titration
Titration of the AAV vector was performed by electrophoresis on an alkaline gel
(258).
An alkaline electrophoresis buffer (1x) and an alkaline gel made with 0.8% agarose
and an alkaline electrophoresis buffer (1x) were prepared. Two hours were allowed
for the gel to set. Three viral samples containing 5, 10 and 25 μL of virus made up to
a final volume of 25 μL using PBS were mixed with 8.5 μL of alkaline sample loading
buffer at room temperature, then cooled on ice before loading on the gel. The
alkaline loading buffer releases the DNA and there is no need to heat to denaturate
the virus. The gel, the tank and the alkaline buffer were transferred to a cold room
(4°C) and the samples loaded onto the gel with 5 μL of Hyperladder I added to wells
on either side of the samples. The gel was run at 20 Volts overnight. The following
day, the gel was placed in 3 gel volumes of 0.1 M Tris adjusted to pH 8.0 for one
hour on a rotating incubator and then placed in 1 gel volume of 4x Gelred solution in
0.1 M NaCl for 2 hours and protected from light. The gel was rinsed twice in tap
water and an image captured using a benchtop ultraviolet transilluminator BioDoct-It
Imaging system (UVP, Upland, CA, USA) with UVO TS software (UVP, Upland, CA,
USA) (Figure 35).
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Figure 35. AAV vector titration by alkaline gel
The purified virus is run overnight on an alkaline gel at 4°C. Three different volumes
are loaded. The concentration of full capsids is estimated by the DNA concentration.
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Hyperladder I shows a pattern of bands corresponding to different amount of DNA in
ng. Band intensities from the Hyperladder and samples were analysed with the
densitometry function of FiJi Image J software (325) and plotted in an excel
spreadsheet to produce a standard curve and calculate the amount of DNA in ng for
each sample. A conversion of amount of DNA (ng) into vector genome (vg) copies
was performed using the www.endmemo.com website. An average of the 3 values
obtained from the 3 vector samples was used to calculate the final titre in vg/μL.

2.13.5 Analysis of capsid proteins with Coomassie gel
This method allows a relative quantification of the AAV vector by band intensity of the
capsid proteins VP1, VP2 and VP3.
20 μL of concentrated virus were mixed with an equal volume of Laemlli loading
buffer and heated at 95°C for 5 minutes. 5 μL of Pageruler plus prestained protein
ladder, 30 μL of both viral sample and a control AAV sample were loaded in a
NuPAGE Novex 4-12% Bis-Tris protein gel, 1.0 mm, 10 well (Invitrogen Thermo
Scientific, Loughborough, UK) and were run in 1x NuPAGE MOPS SDS running
buffer diluted with ddH2O at 150 Volts for 30 minutes. At the end of the run, the gel
was removed from the plastic frame and placed in a plastic box where the
Coomassie blue dye had been poured. This was left for 2 hours on a platform
rotating shaker then placed in a destain solution for 2 hours or until the background
staining had been cleared. The gel was then imaged using a transilluminator
BioDoct-It Imaging system (UVP, Upland, CA, USA) with UVO TS software (UVP,
Upland, CA, USA) (Figure 36).
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Figure 36. AAV vector purity assessed by Coomassie gel
Identification of the 3 capsid proteins VP1, VP2, VP3 of the adeno-associated virus in
line with the theoretical ratio 1:1:10.

2.14 Quantification of urea cycle amino acids in dried blood
spots and ASL enzyme activity in tissue samples
2.14.1 Mass spectrometer parameters

Detection of metabolites was performed using a Micromass Quattro micro API
(Micromass UK Ltd, Cheshire, UK) tandem mass spectrometer using multiple
reaction monitoring in positive ion mode. The temperature of the source and for
desolvation were 120°C and 350°C, respectively. The capillary and cone voltages
were 3.7 kVolts and 35 Volts respectively. The cone gas flow was 50 L/h and the
syringe pump flow set at 30 µL/min. The mass spectrometer vacuum was 4.3x10-3
mbar. The multiplier and extractor voltages were 650 Volts and 1 Volt, respectively.
Dry and highly purified argon was used as the collision cell gas (331). Data were
analysed using Masslynx 4.1 software (Micromass UK Ltd, Cheshire, UK).

Multiple reaction monitoring using the parameters summarised in Table 9 was used
to identify the amino acids of interest.
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Data were analysed using Targetlynx (Masslynx 4.1 software; Micromass UK Ltd,
Cheshire, UK).

Analyte
L-Ornithine
L-Ornithine-d7
L-Arginine
L-Arginine-13C6
ASA anhydrides
Argininosuccinate
L-Glutamine
L-Glutamine-13C2
L-Glutamate
L-Glutamic acid-d5
L-Citrulline
L-Citrulline-d7

Retention
time
(minutes)
5.73
5.73
5.79
5.79
6.07
6.26
6.51
6.51
6.57
6.57
6.60
6.60

Precursor
ion
(m/z)
132.93
139.98
175.10
181.10
273.12
291.02
147.06
149.06
148.02
153.06
176.10
183.15

Product ion
(m/z)
69.94
76.99
69.94
73.94
69.87
69.87
83.94
84.94
83.82
88.86
69.94
76.99

Cone
voltage
(Volts)
17
16
28
28
40
40
18
18
20
20
30
30

Collision
energy
(Volts)
17
15
20
20
29
29
12
12
11
11
18
18

Table 9. Parameters used for the detection and quantification of amino
acids by multiple reaction monitoring

2.14.2 Quantification of analytes using stable isotopes

Reagents and buffers used are as detailed in the Appendix 10.3.24.
Stable isotopes were added to the samples to enable quantification of the
compounds of interest. A stable isotope is a natural isotope of a chemical element,
which is non-radioactive and therefore is chemically stable and safe. A stable isotope
is an atom whose nucleus contains the same number of protons but a different
number of neutrons. For example, the atom hydrogen 1H contains one proton and
has another natural stable isotope, deuterium 2D containing one proton and one
neutron. Similarly carbon can occur as 12C, which is composed of 6 protons and 6
neutrons, or as a natural less abundant stable isotope 13C containing 6 protons and
7 neutrons. This difference in number of neutrons does not modify the biochemical
property or biological activity of the compound but results in a slightly higher
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molecular mass and m/z compared to that of the more common natural biochemical.
These less abundant stable isotopes can be added to samples in a known amount,
and can be detected by the mass spectrometer. For each analyte, a stable isotope
was chosen (L-Arginine-13C, L-Citrulline-2,3,3,4,4,5,5-d7, L-Glutamic-2,3,3,4,4-d5
Acid, L-Ornithine-2,3,3,4,4,5,5-d7 HCl, L-Glutamine-1,2-13C2) and used as an
internal standard for quantification. L-Arginine-13C and L-Glutamine-1,2-13C2 were
sourced from CK isotopes, Ibstock, UK. L-Citrulline-2,3,3,4,4,5,5-d7, L-Glutamic2,3,3,4,4-d5 Acid, L-Ornithine-2,3,3,4,4,5,5-d7 HCl were bought from CDN istotopes,
Pointe-Claire, Quebec, Canada. For argininosuccinic acid, no stable isotope from this
molecule is commercially available and L-Citrulline-2,3,3,4,4,5,5-d7 was used as
internal standard.
Stock solutions of 10 mM and 1 mM were made for each stable isotope by dilution in
Milli-Q Ultra pure water (MQ-H2O) (Millipore, Brussels, Belgium). Similarly stock
solutions at identical concentrations were made for the urea cycle amino acids (Larginine,

L-citrulline,

L-Glutamine,

L-Glutamic

Acid,

L-Ornithine

and

L-

Argininosuccinic acid) bought from Sigma, St Louis, MO, USA. These stock solutions
were used for the optimisation of the mass spectrometry and liquid chromatography
parameters described in Sections 4.2 and 4.3.

2.14.3

Derivatisation

of

amino

acids

with

9-fluorenylmethyl

chloroformate

Amino acids are highly polar molecules. A pre-column derivatisation step, which tags
the analyte with a reactive group, can increase the sensitivity (332) of detection of
compounds of interest. 9-Fluorenylmethyl chloroformate is a molecule commonly
used for the derivatisation of amino acids and binds to the amino group of the
molecule (333). Derivatisation of amino acids with 9-fluorenylmethyl chloroformate
was initially investigated to see if this would increase sensitivity as published
previously (334). Derivatisation was performed by mixing 20 μL of 10 mM solution of
each amino acid of interest with 250 μL of 5.8 mM 9-fluorenylmethyl chloroformate
(FMOC) in acetone, 250 μL of 0.1 M borate buffer, pH 10.4, 100 μL of MQ-H2O. The
solution was left for 10 minutes at room temperature and applied to an Isolute C18
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column (500 mg; reservoir 6 mL) (Biotage, Upssala, Sweden) that had been primed
with 3 mL of 50% acetonitrile and then 3 mL of ddH2O. An initial wash with 3 mL of
MQ-H2O was applied to remove salts. Then 3 mL of an increasing percentage of
organic solution was sequentially applied to the column (20% acetonitrile, 40%
acetonitrile, 60% acetonitrile, 80% acetonitrile, 100% acetonitrile) and each eluant
was collected individually.

2.14.4

Optimised

high-performance

liquid

chromatography

parameters

The stationary phase selected was a general purpose reversed-phase hybrid-based
C18 column, which is composed of octadecyl C18 aliphatic carbon chains attached to
a silica support (Waters XTerra® RP18, 5 μm 3.9 x 150 mm column (Waters, Milford,
MA, USA) fitted with a Waters XTerra® RP18, 5 μm 3.9 x 20 mm guard column). The
silica support contains both inorganic (silica) and organic (methylsiloxane)
components, which have complementary binding properties. 18C silica has high
efficiency and mechanical strength in binding but has a limited pH range (pH range
between 2-8) and is chemically unstable. The organic polymer (methylsiloxane) is
suitable over a wide range of pHs (pH range between 1 to 12) and is chemically more
stable.
A Waters Alliance 2795 LC system (Waters, Midford, USA) high-performance liquid
chromatography machine (HPLC) was used to separate the analytes of interest. Two
mobile phases were used with the gradient elution profile presented in Table 10.
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3.7%
Methanol
Flow
Time (min)
Acetic Acid
(%)
(mL/min)
(%)
0
0
100
0.2
1
15
85
0.2
6
15
85
0.2
8
25
75
0.2
9
95
5
0.2
15
95
5
0.2
16
0
100
0.2
17
0
100
0.5
25
0
100
0.5

Table 10. Mobile phase gradient elution profile used for high-performance
liquid chromatography

2.14.5 Analysis of dried blood spot amino acids

Blood sampling was performed as described in Section 2.6.1. A 3.2 mm diameter
punch from a dried blood spot was added to a 1.5 mL Eppendorf containing 90 μL of
methanol and 10 μL of a mixture of internal standards containing 2 nM of L-Arginine13C, L-Citrulline-2,3,3,4,4,5,5-d7, L-Glutamic-2,3,3,4,4-d5 Acid, and 0.66 nM LGlutamine-1,2-13C2 and L-Ornithine-2,3,3,4,4,5,5-d7. The sample was sonicated in
a sonication bath for 15 minutes before adding 400 μL of methanol resulting in a 4:1
volume dilution prior to centrifugation at 16,000 g for 5 minutes. The supernatant was
removed prior to injection of a volume of 3 µL into the liquid chromatography-tandem
mass spectrometry system.

2.14.6 Protein extraction of tissues for ASL enzymatic assay

Reagents and buffers used are as detailed in the Appendix 10.2.26.
Liver and brain samples were snap-frozen in dry ice at time of collection after
perfusion of the animal to remove the residual blood in tissues as detailed in Section
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2.7.1. As detailed in Section 2.10, proteins were extracted in lysis buffer (50 mM
Tris, 150 mM NaCl, 1% Triton adjusted to pH 7.5), freeze thawed once before
homogenising and subsequently centrifugated at 16,000 g for 20 minutes at 4°C.
Protein quantification was performed using the bicinchoninic acid (BCA) assay using
the PierceTM BCA protein assay kit (ThermoFisher Scientific, Rockford, IL, USA).

2.14.7 Optimised protocol for analysis of ASL activity

All samples were analysed in duplicates.
20 µg of liver lysate was incubated in a buffer solution containing 10 mM Tris, 0.5 mM
argininosuccinic acid, 0.02 nM D7-citrulline, 0.02 nM

13

C-arginine, pH 7.45, in a final

volume of 100 µL. The reaction was stopped by adding 400 µL of methanol either
immediately (time point 0) or for 2 hours at 37°C (time point 1). Samples were then
centrifuged immediately at 16,000 g for 2 minutes and the supernatant analysed by
LC-MS/MS. Enzyme activity was expressed as argininosuccinic acid and anhydride
clearance per amount of protein per minute and was calculated by substracting the
amount of argininosuccinic acid and anhydrides present at time points 0 from time
point 1.
80 μg of brain lysate was added in a buffer solution of 10 mM Tris, 30 µM
argininosuccinic acid, 0.02 nM D7-citrulline, 0.02 nM 13C-arginine in a final volume of
100 μL. Samples were then processed as described for liver samples.

2.15 Statistical analysis
Statistical analysis of data was performed using GraphPad Prism 5.0 software, San
Diego, CA, USA and approved by Dr Deborah A. Ridout, statistician at the
Population, Policy and Practice Programme, Great Ormond Street Institute of Child
Health, University College London, London. p values < 0.05 were considered
statistically significant.
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The statistical analysis described in Chapter 3 used Fisher’s exact t-test for
investigating the association between categorical data and the patient groups
(www.vassarstats.net). Continuous variables between groups were compared using
the two-tailed unpaired Student’s t-test or one-way ANOVA with Bonferroni post-test
for pairwise comparison. Kaplan-Meier survival curves were compared with the logrank test. Patients 10, 18 and 52, who died during the first month of life, and patient
53, for whom very limited clinical information was available, were excluded from longterm analysis. For patients lost during follow-up (n=6), the assessments at their last
follow-up visits were used for analysis. Figures show mean ± 95% confidence
interval.
For Chapters 4 to 7, statistical analysis used two-tailed unpaired Student’s t-test for
pairwise comparisons, or one-way ANOVA with Dunnett’s or Bonferroni post-tests for
comparisons of continuous variables between two or more experimental groups.
Figures show mean ± standard deviation. Standard deviation was chosen to describe
the variability of results (335). Kaplan-Meier survival curves were compared with the
log-rank test. Normality was tested with the D’Agostino & Pearson omnibus normality
test. In data which failed normality testing, a log-linear regression was performed to
normalise data. Gaussian distribution of log-transformed data was then confirmed by
the same test. These transformed values were used for statistical analysis using the
statistical tests mentioned above, which assume normal distribution.
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3. EXPANDING THE PHENOTYPE OF ARGININOSUCCINIC
ACIDURIA
3.1 Introduction
The phenotype of patients with argininosuccinic aciduria differs from other urea cycle
defects by the higher incidence of neurocognitive symptoms, liver fibrosis, renal
impairment, and systemic hypertension (See Section 1.2.3) (85, 336). These
symptoms are observed in patients with early- or late-onset forms and in those
without documented episodes of hyperammonaemia (76). Among urea cycle defects,
patients

with

argininosuccinic

aciduria

have

the

lowest

frequency

of

hyperammonaemic crises (23%) but the second highest frequency of cognitive
impairment (65-74%) after arginase deficiency (See Section 1.2.4) (8, 97). This
paradox raises questions about the role of hyperammonaemia in causing the
neurological problems.
Newborns screened and treated prospectively from birth have been reported to have
a better neurological outcome (See Section 1.2.8) (15, 17, 95). As conventional
treatment

decreases

ammonia

levels,

it

was

suggested

that

neurological

complications were caused by unrecognised hyperammonaemic episodes (95).
However, newborn screening programmes can capture a wide phenotypic spectrum,
including patients who would remain asymptomatic without treatment. Some of these
screened patients had high residual ASL activity (15), suggesting that the
prospectively treated cohorts might have had an increased number of mild cases,
introducing a bias into the comparison.
To better describe the natural history of the disease, we studied a United Kingdom
(UK)-wide cohort of patients with argininosuccinic aciduria in order to better delineate
the natural history of the disease and to report the long-term neurological outcomes
with a special interest for neuroimaging and genotype-phenotype correlation. We
aimed to better characterise the benefit of an early treatment without the bias of a
newborn screening, which allows the diagnosis of a wide phenotypic spectrum from
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severely symptomatic to asymptomatic patients. Patients clinically asymptomatic but
excreting biomarkers might therefore be wrongly considered as good responders to
an early therapeutic intervention. We studied the outcome in families where a
proband had been diagnosed symptomatically, and compared the outcome with a
sibling or first-degree relative treated prospectively from birth after perinatal
screening.

3.2 Patients
Fifty-six patients were classified as early-onset (n=23/56), late-onset (n=23/56) or
perinatally screened patients (n=10/56). Ethnic origins were White British (n=24;
43%), Pakistani (n=16; 28%), Chinese (n=6; 11%), Indian (n=5; 9%), Bangladeshi
(n=3; 5%), other White European (n=1; 2%), and unknown (n=1; 2%). Screened
patients, diagnosed either antenatally or neonatally, had an affected familial proband
with early-onset (n=5), late-onset (n=3) or unknown (n=2) phenotype (See Appendix
10.4.1). One pair of siblings with early-onset phenotype (Patients 15 and 16) was
included in the study. Mean follow-up was not significantly different between the
early-onset (EO) or late-onset (LO) groups compared to the screened group (SCR)
(p=0.19 and p=0.19 respectively) (Table 11).

3.3 Neurological phenotype
Data file is available in Appendix 10.4.2.
The frequency and median age of onset of the neurological features were not
significantly different between the groups (Table 11).
Developmental impairment was reported in 48/52 patients (92%) and was the most
common symptom. Only four patients were reported with normal neurocognitive
function: three early-onset patients aged <6 months (Patient 22), 23 months (Patient
15) and 11 year-old at last assessment (Patient 11) and one patient screened at birth
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(Patient 47; sibling to a late-onset proband, aged 8 year-old at last assessment)
(Appendix 10.4.1). The median age at diagnosis was 2 years (range 0.1 to 6 years)
(Table 11) and when observed, developmental impairment was present before the
age of 6 years in all but two patients. Developmental impairment was mild or
moderate affecting predominantly speech and learning ability. Detailed information
about schooling was available in 35 patients (Appendix 10.3.2). Only 6/35 patients
(17%) attended mainstream school without the need for additional educational
support (Patients 9, 11, 35, 36, 47 and 48 with last assessment at 25, 11, 22, 20, 8
and 16 year-old respectively). Most patients (20/35; 57%) required speech and
language therapy.
The neuropsychological assessments identified behavioural difficulties with auto- or
hetero-aggression (n=3) and learning disabilities in logic and reasoning. The
intelligence quotients (IQs) were in the extremely low range (n=3; median IQ=54;
range 48 to 52). Twenty-one adults (EO n=3; LO n=17; SCR n=1) with a median age
of 22.3 years (range 18 to 57 years) were assessed for socioeconomic status. Five
(25%) had semi-skilled employment. Independent living was reported in 1/12 (8%),
and long-term relationships in 3/12 (25%). Patients not living independently were
accommodated in the parental (9/11; 82%) or care (2/11; 18%) homes.
Epilepsy was observed in 22/52 patients (42%) with no significant difference of the
median age of onset between groups (Table 11). Various seizure types were
reported including generalised, partial and complex, febrile and afebrile seizures.
Tonic-clonic seizures were most frequent (n=16), followed by absence seizures
(n=5), myoclonic jerks (n=4) and atonic seizures (n=2). Status epilepticus was
occasionally observed (n=1) (Appendix 10.4.2). No type of seizure was preferentially
associated with a group of patients. In epileptic patients, the electroencephalogram
frequently shows a general pattern of complex spikes and waves pattern from
bilateral

centrotemporal

and

occipital

regions

without

identifiable

focus.

Electroencephalograms for three non-epileptic patients showed an abnormal pattern
in two patients (early-onset n=1, late-onset n=1). 17/22 patients (77%) were treated
with an average of 1.5 antiepileptic drugs (range 0 to 4).
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Epidemiology

At diagnosis

Follow up

Neurology

Phenotype

Liver

Kidney appearance
(ultrasound)

Biology

Miscellaneous

Early Onset
23 (3=10%)
12/11
12/23 (52%)
16/23 (73%)

Late Onset
23 (16=70%)
11/12
2/23 (9%)
21/23 (91%)

Screened
10 (1=10%)
8/2
5/8 (62%)
9/10 (90%)

Total
56 (20 = 36%)
31/25
21/52 (40%)
46/56 (82%)

Median age

4 days (2-8)

2.75 years (0.25-12)

2 antenatally
8 neonatally

2 years (0-12)

Ammonia
(RI <100µmol/L if <28 days of life;
<50µmol/L if >28 days of life)

861 ± 550

212 ± 230

84 ± 50

530 ± 542

Median follow-up (years)
Patients lost
Age in December 2015 (years)

11 (1.9-25.7)
2/23 (9%)
11 (1.9-25.7)

15.1 (1-53)
4/23 (18%)
23 (16.7-57)

15.6 (8-18.2)
2/10 (20%)
15.6 (8-18.2)

12.4 (0-53)
8/56 (14%)
15.6 (1.9-57)

Developmental delay
Age when first reported (years)
Epilepsy
Age when first reported (years)
Ataxia
Myopathic features
Spasticity
Dystonia
Abnormal brain MRI
Hepatomegaly
Age when first reported (years)
Transaminitis
Age when first reported (years)
ALT (RI 20-50 IU/L)

18/21 (86%)
2 (0.1-4)
8/21 (38%)
9 (1.5-13)
3/21 (14%)
4/21 (19%)
1/21 (5%)
1/21 (5%)
5/9 (56%)
17/21 (81%)
2.5 (0-12)
18/21 (86%)
0.15 (0-6)
238 ± 218

23/23 (100%)
2.5 (1-6)
11/23 (48%)
2 (0.7-11)
6/23 (26%)
3/23 (13%)
1/23 (4%)
0/23 (0%)
5/10 (50%)
3/23 (13%)
13.00
4/23 (17%)
23 (1-53)
81 ± 69

7/8 (88%)
3.1 (2-4)
3/8 (38%)
8.5 (8-9)
0/8 (0%)
0/8 (0%)
1/8 (12%)
0/8 (0%)
2/4 (50%)
5/8 (62%)
7.5 (0.9-11)
6/8 (75%)
7 (3-7)
181 ± 111

48/51 (94%)
2 (0.1-6)
22/52 (42%)
5.5 (0.7-13)
9/52 (17%)
7/52 (13%)
3/52 (6%)
1/52 (2%)
12/23 (52%)
25/51 (49%)
2.5 (0-12)
28/51 (55%)
1 (0-53)
169 ± 163

Enlargement (>95th centile)

8/18 (44%)

2/9 (22%)

2/5 (40%)

12/32 (38%)

Poor corticomedullar differentiation
Hypokalemia : total
Persistent
Intermittent
Arterial hypertension
Age when first reported (years)
Trichorrhexis nodosa
Age when first reported (years)
Severe diarrhoea
Impaired growth
Prematurity

2/7 (29%)
16/23 (70%)
3/23 (13%)
13/23 (56%)
1/23 (4%)
11
0/23 (0%)
/
10/21 (48%)
2/23 (9%)
2/23 (9%)

0/3 (0%)
4/23 (17%)
3/23 (13%)
1/23 (4%)
0/23 (0%)
/
5/23 (22%)
5.7 (2.5-12)
3/20 (15%)
0/23 (0%)
0/23 (0%)

1/2 (50%)
6/10 (60%)
1/10 (10%)
5/10 (50%)
0/9 (0%)
/
0/10 (0%)
/
4/10 (40%)
1/10 (10%)
1/10 (10%)

3/12 (25%)
26/56 (46%)
7/56 (12%)
19/56 (34%)
1/55 (2%)
11
5/56 (9%)

Others

Hypercholesterolaemia
(n=2),
jejunal atresia (n=1)

17/51 (33%)
3/55 (5%)
3/55 (5%)

Atrial flutter (n=1),
psoriasis arthritis (n=1),
22q11 deletion (=1),
Umbilical hernia (n=1)
sensorineural deafness
(n=1)

Argininaemia (RI 30-126µmol/L)

126 ± 56

102 ± 46

134 ± 34

116 ± 47

Plasma argininosuccinic acid (RI <5µmol/L)

512 ± 243

234 ± 180

238 ± 292

356 ± 257

Frequency

20/20 (100%)

16/20 (80%)

6/7 (86%)

42/47 (89%)

Daily protein allowance (g/kg/d)

1.2 ± 0.47

1.2 ± 0.41

1.4 ± 0.18

1.2 ± 0.38

Frequency
L-Arginine (mg/kg/d)
Frequency
Na benzoate (mg/kg/d)
Frequency

20/20 (100%)
239 ± 93
17/19 (89%)
215 ± 53
7/19 (37%)

20/20 (100%)
155 ± 97
2/22 (9%)
134 ± 58
2/22 (9%)

7/7 (100%)
251 ± 89
6/7 (72%)
167 ± 25
1/7 (14%)

47/47 (100%)
201 ± 107
25/48 (52%)
191 ± 57
10/48 (21%)

Na phenylbutyrate (mg/kg/d)

200 ±870

57 ± 17

NA

143 ± 83

Frequency

0/19 (100%)

18/22 (82%)

1/7 (14%)

19/48 (40%)

Protein restricted
diet

Therapeutics

Number (adult)
Sex (M/F)
Consanguinity
Patients still living

L-Arginine
supplementation
Na benzoate
supplementation
Na phenylbutyrate
supplementation
No alternative
pathway drugs

Table 11. Epidemiological and clinical data for the three analysed cohorts:
early-onset, late-onset and screened patients
“Age at diagnosis” means the first occurrence of symptom. “Age at diagnosis” and
“duration of follow-up” are presented as median ± range. Other figures show mean ±
standard deviation. Hypokalaemia-total includes patients with intermittent and
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persistent hypokalaemia. ALT: alanine aminotransferase. NA: not available. RI:
Range interval. Follow-up is considered until December 2015. Plasma arginine and
argininosuccinic acid concentrations reflect the last 10 measurements performed
during follow-up when patients were in a compensated metabolic state on their
standard treatment. Reproduced from (337).

Cerebellar dysfunction was detected in early-onset and late-onset patients (n=3 and
n=6 respectively) with the incidence of 9/52 (17%) (Table 11). Ataxia was first
noticed at a median age of 8.5 years (range 1 to 12) with two main age groups at first
observation, either early around the age of 1 year in two cases (one early-onset
patient and one late-onset patient) or later as teenagers (n=7). Three patients had
dyskinesia and tremor and one had nystagmus (Appendix 10.4.2). The
inconvenience caused was mild and no specific medical or surgical treatment was
required.
Episodes of myopathy-like symptoms were reported in 7/52 patients (13%) (Table
11). This included global hypotonia with a hypomimic facial expression, and
unexplained recurrent episodes of general weakness persisting for several days
before spontaneous recovery. One hypotonic patient developed a severe scoliosis.
One patient (patient 28, currently aged 15.9 years) was reported with fatigable ptosis,
proximal weakness in upper limbs and reduced deep tendon reflexes from 12 yearold onwards. Four patients were investigated with electromyogram, which were
always normal, including a Tensilon test in one patient. One patient (Patient 33
currently aged 26 years) presented with an electrophysiologically confirmed episode
of Guillain-Barré syndrome at 8 year-old (Appendix 10.4.2).
Some patients were reported with spasticity (n=2), hemiparesis (n=1), dystonia (n=1)
and visual impairment with retinal atrophy (n=1; patient 29). All these symptoms were
considered to be sequelae of hyperammonaemia except for one screened patient
presenting with mild spasticity without having experienced hyperammonaemic
episodes (Patient 55).
MRI brain was performed as part of the clinical work-up in twenty-one patients with
unexplained or severe neurological features. The average age at the time of MRI was
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12 years (range 0-23). Twelve scans were reported as abnormal (52%) (Table 11).
Only one MRI was performed at diagnosis and showed oedema in the cerebellum,
central tegmental tract and internal capsule, and small diffuse haemorrhages in the
white matter. Neuroimaging performed during follow-up showed small parenchymal
infarcts (n=4), foci of white matter hyperintensity on T2-weighted sequences (n=4),
nodular heterotopia (n=2), cortical atrophy (n=2), cerebellar atrophy (n=2),
perirolandic gliosis (n=1), thalamic atrophy (n=1), hyperintensity of caudate head and
posterior putamen (n=1) or isosignal between pallidi and putamen (n=1) (Figure 37A
and Appendix 10.4.2). Spectroscopy of basal ganglia (n=8; 3 early-onset, 5 lateonset) indicated a significant decrease of N-acetylaspartate and choline in earlyonset patients compared to controls (One-way ANOVA with Bonferroni post-test,
p<0.01 and p<0.01, respectively; Table 12). Creatine and guanidinoacetate levels in
the basal ganglia did not differ significantly between controls, early- or late-onset
groups (Figure 37B). Spectroscopy of the white matter (n=4; 3 early-onset, 1 lateonset) showed a significant decrease in creatine levels and an increase of
guanidinoacetate (One-way ANOVA with Bonferroni post-test compared to controls,
p<0.01 and p<0.05, respectively; Table 12) (Figure 37C) in patients compared to
controls. Mean glutamate and glutamine levels were not raised (data not shown).
Myo-inositol was not significantly decreased (One-way ANOVA with Bonferroni posttest compared to controls, p>0.05) (Figure 37C).

Neurological outcomes of screened patients presented in Table 11 were compared
to early-onset or late-onset patients with Fisher’s exact t-test (Table 12). No
significant difference was observed regarding the prevalence of developmental delay,
epilepsy, ataxia, myopathy features, spasticity, dystonia or abnormal neuroimaging.
Median age of onset of developmental delay and epilepsy did not differ significantly
between the cohorts (One way ANOVA with Bonferroni post-test compared to
controls, p=0.07 and p=0.13 respectively).
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Figure 37. Neuroimaging features of argininosuccinic aciduria patients
(A) Morphological brain MRI features (a, b) T2-weighted axial images showing brain
matter volume loss and mild ex vacuo dilatation of ventricles (a) and high signal in
bilateral caudate heads and posterior putamina (b) (white arrows). (c) T2-weighted
axial images with severe diffuse cerebral atrophy and ventricular dilatation. (d, h) T1weighted coronal image with right periventricular heterotopia (white arrows). (e, f):
T2-weighted axial (e) and coronal (f) images with evidence of right inferior frontal
lobe infarct (white arrow). (g) T2-weighted axial image with bilateral high signal of the
peritrigonal white matter (white arrow). (B) Proton magnetic resonance spectroscopy
features in basal ganglia. Assessment in early-onset (n=5), late-onset (n=3) and
control (n=63) patients analysed using a paired t test. (C) Proton magnetic resonance
spectroscopy features in white matter. Patients affected by argininosuccinic aciduria
(n=4) and controls (n=53) analysed with one-way ANOVA with Bonferroni post-test
compared to controls (only significant results are represented). Graphs represent
mean ± standard deviation. * p<0.05 ; ** p<0.01. Reproduced from (337).
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None of the neurological elements considered for long-term outcome were
statistically different between groups regardless of the timing of treatment or
occurrence of hyperammonaemia (Table 11).

3.4 Systemic phenotype
Data file is available in Appendix 10.4.1.
47/56 patients (84%) were alive at the time of assessment with no significant
difference between groups, with a median follow-up of 12.4 years (range 0-53)
(Figure 38A). Cause and age of death were hyperammonaemic decompensation at
presentation (n=2; patients aged 3 and 4 days), sepsis (n=3; patients aged 7 days,
11 years and 20 years), extradural hematoma (n=1; patient aged 2 years),
hepatocellular carcinoma (n=1; patient aged 4.5 years), acute pancreatitis (n=1;
patient aged 12 years) and a possible arrhythmia (n=1; patient aged 52 years).

Initial presentation at diagnosis showed:
i) Early-onset patients were diagnosed at a median age of 4 days (range 2 to 8 days).
Clinical

symptoms

at

admission

were

drowsiness,

hypotonia,

lethargy,

encephalopathy (n=13), neonatal seizures (n=4), poor feeding and vomiting (n=8),
tachypnea and grunting (n=7), hypertonia and brisk reflexes (n=2) and hepatomegaly
(n=1).
ii) Late-onset patients were diagnosed at a median age of 2.75 years (range 0.25 to
12 years) with chronic symptoms (n=19) and acute symptoms caused by
hyperammonaemic decompensation (n=3) (Data not available in one patient).
Symptoms at diagnosis were developmental delay (n=12), brittle hair (n=5),
behavioural disturbances (n=3), drowsiness or coma during metabolic stress (n=3),
recurrent vomiting (n=3), protein aversion or poor feeding (n=3), seizures (n=2),
tiredness (n=1), metabolic alkalosis, hypoglycaemia, and hyperlacticacidaemia (n=1).
Screened patients were diagnosed in the antenatal (n=2) or neonatal period (n=8)
and all were asymptomatic at diagnosis.
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Figure 38. Natural history of argininosuccinic aciduria
(A) Kaplan-Meier survival curves for all (solid line), early-onset (dashed line), lateonset (dashed dotted line) and screened (dotted line) patients. (B) Natural history of
the systemic phenotype of argininosuccinic aciduria. Mean ± standard deviation of
age of onset of each symptom from data of the whole cohort when information
available: developmental delay (n=7), abnormal LFTs (n=8), hepatomegaly (n=18),
epilepsy (n=15), brittle hair (n=4), ataxia (n=6), hypokalaemia (n=2), high blood
pressure (n=1). Symptom frequency in the total population of patients studied is
presented in brackets. ALT: plasma alanine aminotransferase activity. It was
assumed that patients had normal blood pressure if hypertension was not specifically
mentioned in medical records. Reproduced from (337).
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Natural history data included the age of onset of organ involvement or symptoms
(Figure 38B). Various symptoms were identified with follow-up indicating a
progressive disease with a growing phenotype. Among neurological symptoms,
developmental delay was the first observed usually during the second or third year of
life followed by epilepsy and ataxia, later in childhood.
The most frequent hepatic involvement was a persistent rise in plasma alanine
transaminase activity in 28/51 (55%), usually accompanied by hepatomegaly in 25/51
(49%). These features were related to age of onset: liver abnormalities were
significantly more frequent in early-onset versus late-onset patients and screened
versus late-onset patients (Fisher’s exact t-test, p<0.00001 and p<0.005,
respectively; Table 11). In screened patients, the likelihood of liver features
segregated according to the age of onset of the disease in the familial proband: 4/4
of screened patients with an early-onset familial history had hepatic abnormalities
compared to 1/3 with a familial late-onset phenotype (Appendix 10.4.1). The age of
onset of liver abnormalities was significantly earlier in early-onset versus late-onset
patients (One-way ANOVA with Bonferroni post-test compared to controls, p<0.05;
Table 12). No cholestasis was observed. Liver biopsy was performed in 2 early-onset
patients. One confirmed a hepatocellular carcinoma. Another child had 2 biopsies
performed at 1 and 11 years: both samples showed glycogen deposits, mild fibrosis
and inflammation with no progression and no features of steatosis, cholestasis or iron
deposition.

Other miscellaneous systemic symptoms were noted. Nephromegaly and poor
corticomedullary differentiation were observed in 12/32 (38%) and 3/12 (25%) of
patients assessed by ultrasound, respectively Both features were significantly more
frequently observed in early-onset compared to late-onset patients (Fisher’s exact ttest,

p=0.02

and

p=0.01,

respectively).

Both

nephrocalcinosis

and

renal

hyperechogenicity were noted once. No impairment of the creatinine clearance with
age was observed from data collected from 6 patients and followed from birth to
adolescence (Figure 39).
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Hypokalaemia was observed in 26/56 (46%) as either a transient (19/56 ; 34%) or
persistent (7/56 ; 12%) feature, both occurring more frequently in early-onset versus
late-onset patients (Fisher’s exact t-test, p<0.001 and p<0.04, respectively). Acute
metabolic decompensation, gastroenteritis and acute diarrhoea were significantly

Creatinine clearance (mL/min)

associated with transient hypokalaemia (Fisher’s exact t-test, p<0.005).
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Figure 39. Linear regression of creatinine clearance versus age
Creatinine clearance for 8 patients at Great Ormond Street Hospital, London (age
range; 1 to 15 years old). Linear regression with r2 =0.004, not significantly different
from the X axis.

Trichorrhexis nodosa was observed only in late-onset patients (n=5) before diagnosis
and normalised with treatment (Table 11).
Chronic profuse diarrhoea was observed in 17 patients (33%; including early-onset
n=10, late-onset n=3, screened patients n=4; Table 11). This symptom was
refractory to symptomatic and immunosuppressive treatments and caused nutritional
difficulties

in

several

early-onset

patients.

This

caused

chronic

metabolic

decompensation in some patients (Patient 6). Despite generally becoming less
troublesome with time, this severely impaired the quality of life of children and
families. Two patients had colonoscopies performed at 5 years of age and repeated
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at ages 7 and 10, respectively. Intestinal biopsies showed non-specific mild
inflammation. Chronic pancreatitis was observed in one early-onset patient.
Refractory arterial hypertension was diagnosed in one early-onset patient (Patient 6)
at the age of 9 years and was sub-optimally controlled despite three antihypertensive
medications. This patient died at 12 years old from acute pancreatitis. One late-onset
patient developed atrial flutter at 60 years.

3.5 Biomarkers and therapies
Alanine aminotransferase levels were more frequently raised in early-onset and
screened groups but the values were not significantly different between groups (Oneway ANOVA with Bonferroni post-test, p>0.05) (Figure 40A).
None of the patients in the screened group suffered severe or prolonged
hyperammonaemia. Their mean plasma ammonia concentration at diagnosis was 84
μM (Table 11). Three of these patients had an initial ammonia level >100 μM (133,
134 and 190 μM), which normalised in less than 24 hours. All early-onset patients
had hyperammonaemia at diagnosis (mean 861 μM, median age at diagnosis 4
days) with values significantly higher than in the late-onset and screened groups
(One-way ANOVA with Bonferroni post-test p<0.001; Table 11 & 12). Only 50% of
the late-onset patients were hyperammonaemic at diagnosis (mean ammonia 212
μM, mean age at diagnosis 2.75 years) (Figure 40B).
A protein-restricted diet was used in 42/47 patients (89%) (20/20 (100%) of the earlyonset group and 16/20 (80%) of the late-onset group; Table 11). All patients were
treated with L-arginine with no significant difference in the dose between groups
(Table 11). Ammonia scavenger drugs (sodium benzoate and phenylbutyrate) were
prescribed significantly more often in the early-onset and screened groups than in the
late-onset group (One-way ANOVA with Bonferroni post-test, p<0.001 and p<0.01
respectively) and at higher doses in the early-onset group (One-way ANOVA with
Bonferroni post-test, p<0.05) (Table 11 & 12).
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Plasma argininosuccinate levels were higher in early-onset (512 ± 92 μM) compared
to late-onset (234 ± 64 μM) (p=0.03) (Table 11 and Figure 40C).
Plasma arginine levels were in the normal range as patients were all on L-arginine
supplementation (Table 11).
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Figure 40. Observed levels of common biomarkers in screened, early- and
late-onset ASA patients
(A) Alanine aminotransferase activity, (B) ammonaemia concentration and (C)
plasma argininosuccinic acid concentration in early-onset, late-onset and perinatally
screened groups. Horizontal lines display the mean ± standard deviation. One-way
ANOVA with Bonferroni post-test; * p<0.05; *** p<0.001, ns not significant; (A) n=5-9;
(B) n=8-26 ; (C) 2-10.
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Biomarkers and
therapeutics

Ammonia at diagnosis
Plasma
argininosuccinate
Dose of ammonia
lowering medications

Neurological
features

Developmental delay
Epilepsy
Ataxia
Myopathy feature
Spaticity
Dystonia
Abnormal imaging
N-acetylaspartate

Spectroscopy in
basal ganglia

Liver symptoms

Choline

Age of onset of liver
symptoms

Early onset versus
Early onset versus
Late onset patients
Screened patients
p<0.001 (EO)
p<0.001 (EO)
(95% CI 286.6 to 1045) (95% CI 328 to 1198)
p<0.05 (EO)
(95% CI 26.26 to
ns
565.4)
(95% CI -165.3 to 711.8)
p<0.05 (EO)
ns
(95% CI 12.12 to
(95% CI -88.95 to
188.7)
160.8)
0.1
0.76
0.46
0.67
1
1
1

1
1
0.54
0.28
0.53
1
1

ns
p<0.01 (EO)
(95% CI -1.52 to 0.42) (95% CU -1.67 to -0.32)
ns
p<0.01 (EO)
(95% CI -0.47 to 0.17) (95% CI -0.46 to -0.05)
p<0.05 (EO)
(95% CI -29.94 to 4.36)

Late onset versus
Screened patients
ns
(-380.5 to 575.6)
ns
(95% CI -446.3 to
401.1)
ns
(95% CI -199.4 to
70.36)
0.26
0.68
0.14
1
1
1
1
ns
(95% CI -1.17 to 0.39)
ns
(95% CI -0.37 to 0.15)

ns
ns
(95% CI -16.12 to 7.26) (95% CI -2.88 to 28.32)

Statistical
test
One way
ANOVA
with
Bonferroni's
post test

Fisher's
exact t test

One way
ANOVA
with
Bonferroni's
post test

Table 12. Pair comparison for statistical tests
The direction of the pair comparison is mentioned in brackets (EO for Early-onset). CI: confidence interval; ns: not significant.
Reproduced from (337).
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3.6 Genotype-phenotype correlation
The genotype was available for nineteen patients (Table 13). Twenty mutations
(including eight novel) were identified: eleven were missense, five splice site, two
nonsense mutations and two deletions. The deletions included a 13 base pair
deletion

(c.1045_1057del,

p.(Val349Cysfs*72))

and

one

large

deletion

of

approximately 2 kilobases which included exons 15 and 16 (c.1143+117_*1353del).
Homozygous mutations observed with early onset disease included c.437G>A
p.(Arg146Gln),

c.749T>A

p.(Met250Lys),

c.1045_1057del

p.(Val349Cysfs*72),

c.1143+117_*1353del and c.1153C>T p.(Arg385Cys). Homozygous mutations
observed with late-onset disease included c.35G>A p.(Arg12Gln), c.377G>A
p.(Arg126Gln) and c.1138A>G p.(Lys380Glu). The c.1045_1057del deletion is
predicted to cause a frameshift and introduction of a premature stop codon and the
c.1143+117_*1353del deletion is predicted to cause the loss of exons 15 and 16, and
both were associated with early-onset phenotype. Patients homozygous for
c.1143+117_*1353del were younger brothers of a proband who was not genotyped
but presented with the early-onset phenotype (Table 13).
Among the eight novel mutations, 4 mutations were missense (Arg126Gln,
Arg146Gln, Met250Lys, Glu258Lys). An alignment of hASL genes of other species
with that of human ASL using Clustal omega software (Figure 41) showed that these
amino acids are highly conserved throughout evolution and strengthened the
likelihood of a deleterious effect. Out of the eight novel mutations, only c.377G>A,
p.(Arg126Gln) and c.749T>A, p.(Met250Lys) alleles were reported in Eva-ExAC and
Ensemble databases (accessed on 01/12/2016) with an allele frequency <0.01%
(Table 14).
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Patient
number
1
2
3
4, 5
6
7
8
9
10
11, 12
13
14

Severity in
this study
c.35G>A
c.35G>A
p.(Arg12Gln)
p.(Arg12Gln)
Late onset
c.348+1G>A
c.532G>A
Splicing effect
p.(Val178Met)
Late onset
c.349-1G>A
c.532G>A
Splicing effect
p.(Val178Met)
Early onset
c.377G>A
c.377G>A
p.(Arg126Gln)
p.(Arg126Gln)
Late onset
c.437G>A
c.437G>A
p.(Arg146Gln)
p.(Arg146Gln)
Early onset
c.437G>A
c.446+1G>A
p.(Arg146Gln)
Splicing effect
Late onset
c.544C>T
c.772G>A
p.(Arg182*)
p.(Glu258Lys)
Late onset
c.719-2A>G
c.857A>G
Splicing effect
p.(Gln286Arg)
Early onset
c.721G>A
c.918+5G>A
p.(Glu241Lys)
Splicing effect
Early onset
c.749T>A
c.749T>A
p.(Met250Lys)
p.(Met250Lys)
Early onset
c.1045_1057del
c.1045_1057del
p.(Val349Cysfs*72) p.(Val349Cysfs*72) Early onset
c.1138A>G
c.1138A>G
p.(Lys380Glu)
p.(Lys380Glu)
Late onset
Loss of exons
Loss of exons
15, 16 # c.1143+117_*1353del c.1143+117_*1353del
Early onset
15 and 16
15 and 16
Allele 1

Allele 2

Presumed effect on protein

17, 18

c.1153C>T

c.1153C>T

p.(Arg385Cys)

p.(Arg385Cys)

19

c.1284G>A

c.1366C>T

p.(Trp428*)

p.(Arg456Trp)

Reported severity in the literature
Unknown (n=1) (Balmer et al., 2014)
New genotype
New genotype
New genotype
New genotype
New genotype
New genotype
New genotype
New genotype
New genotype
New genotype
Unknown (n=1) (Balmer et al., 2014)
New genotype

Prenatal diagnosis (n=3, Keskinen et al., 2008, Balmer et al., 2014),
Early onset (n=4, this study, Kleijer et al., 2002, Keskinen et al., 2008),
Early onset
Late onset (n=7, Kleijer et al., 2002, Keskinen et al., 2008),
Unknown (n=3, Balmer et al., 2014)
Late onset
New genotype

Table 13. Genotype-phenotype correlation of hASL
New genotype refers to combination of mutations not described before. Presumed protein effect is mentioned within brackets for
novel mutations. For screened patients, the severity of the phenotype is deducted from the symptomatic familial proband. # Patients
15 and 16 are siblings. Reproduced from (337).
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Human
Chimpanzee
Cow
Rat
Mouse
Chicken
Frog
Zebrafish
Staphylococcus_aureus
Sulfobacillus_acidophilus
Corn

----------------------------------------------------MASESGKL 8
----------------------------------------------------MASESGKL
----------------------------------------------------MASESGKL
----------------------------------------------------MASESGKL
----------------------------------------------------MASESGKL
----------------------------------------------------MASEGDKL
----------------------------------------------------MASEGNKL
---------------------------------------------------MASSEGNKL
-------------------------------------------------------MSNKA
--------------------------------------------------------MPDL
MAFTSQSLIFRAPASPSCARITPSSGRVTLRDRSAVFPLVAAASTSMASSESEDKRETKL
.

Human
Chimpanzee
Cow
Rat
Mouse
Chicken
Frog
Zebrafish
Staphylococcus_aureus
Sulfobacillus_acidophilus
Corn

WGGRFVGAVDPIMEKFNASIAYDRHLWEVDVQGSKAYSRGLEKAGLLTKAEMDQILHGLD 68
WGGRFVGAVDPIMEKFNASIAYDRHLWEVDVQGSKAYSRGLEKAGLLTKAEMDQILHGLD
WGGRFVGTVDPIMEKFNSSITYDRHLWEADVQGSKAYSRGLEKAGLLTKAEMDQILHGLD
WGGRFAGSVDPTMDKFNSSIAYDRHLWNVDLQGSKAYSRGLEKAGLLTKAEMQQILQGLD
WGGRFVGAVDPIMEKFNSSISYDRHLWNVDVQGSKAYSRGLEKAGLLTKAEMQQILQGLD
WGGRFSGSTDPIMEMLNSSIACDQRLSEVDIQGSMAYAKALEKAGILTKTELEKILSGLE
WGGRFVGSIDPIMEMFNCSVNYDQRMWSADIRGSQAYVKALEKAGLVSKSEMEQIISGLD
WGGRFVGNTDPIMEKFNASISYDQRMWKADIKGSKAYVKALQKASLVTQNEMEQILTGLD
WGGRFEVQPEEWVDDFNASITFDQTLIDQDIEGSIAHATMLADQGIISQQDSEQIIQGLK
WSGRLPGGLDPKARAFSSSLAVDWRLARYDIQGSLAHADMLAAVGLLTPEEHEAIQQGLE
WGGRFEEGVTDAVERFTESISYDWQLYKYDIMGSKAHASMLAGQGLITATDRDIILEGLD
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:. *: * :
*: ** *:
*
.::: : : * **.

Human
Chimpanzee
Cow
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Mouse
Chicken
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Sulfobacillus_acidophilus
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KVAEEWAQGTFKLNSNDEDIHTANERRLKELIGATAGKLHTGRSRNDQVVTDLRLWMRQT 128
KVAEEWAQGTFKLNSNDEDIHTANERRLKELIGETAGKLHTGRSRNDQVVTDLRLWMRQT
KVAEEWAQGTFKLNPNDEDIHTANERRLKELIGETAGKLHTGRSRNDQVVTDLRLWMRQN
KVAEEWAQGIFKLYPNDEDIHTANERRLKELIGEAAGKLHTGRSRNDQVVTDLRLWMRQT
KVAEEWAQGTFKLHPNDEDIHTANERRLKELIGEAAGKLHTGRSRNDQVVTDLRLWMRQT
KISEEWSKGVFVVKQSDEDIHTANERRLKELIGDIAGKLHTGRSRNDQVVTDLKLLLKSS
KIHDEWSSGTFVLTKGDEDIHTANERRLKELIGEVAGKLHTGRSRNDQVVTDMRLWLRDS
KVLDEWSKGEFEIKPGDEDIHTANERRLKELIGDAAGKLHTGRSRNDQVATDMRLWLRDG
SIQHDYHQDQIQFSASLEDIHLNIEHELIKRIGDAGGKLHTGRSRNDQVATDMHLYTKKQ
ALLSEVEAGADPWDLMAEDVHSAVEQELTRRLGPVAGKLHTARSRNDQVALDLHLYVKDA
QIERLIQEGKFEWRKDREDVHMNIEAALIERVGEPAKKLHTARSRNDQIVTDLRLWCRDA
:
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CSTLSGLLWELIRTMVDRAEAERDVLFPGYTHLQRAQPIRWSHWILSHAVALTRDSERLL 188
CSTLSGLLWELIRTMVDRAEAERDVLFPGYTHLQRAQPIRWSHWILSHAVALTRDSERLL
CSMLSALLCELIRTMVDRAEAERDVLFPGYTHLQRAQPIRWSHWILSHAVALTRDSERLL
YSKLSTFLKVLIEAMVDRAEAECEVLFPGYTHLQRAQPIRWSHWILSHAVALTRDLERLK
CSKLSALLRVLIGTMVDRAEAERDVLFPGYTHLQRAQPIRWSHWILSHAVALTRDSERLL
ISVISTHLLQLIKTLVERAATEIDVIMPGYTHLQKALPIRWSQFLLSHAVALIRDSERLG
CSTLYTHLTRLIQTMVERAAIEVNILFPGYTHMQRAQPIRWSHWILSHAVALSRDAERLG
IATLKELALQLINTMVERAAAEIEILCPGYTHMQRAQPIRWSHWLLSHVVAISRDVERLE
VQDIIALIKSLQSVIVDIASNNVDTIMPGYTHLQRAQPISFAHHIMTYFWMLQRDQQRFE
GQKTIAALNHLVDTILGLAERWADLPLPGYTHMQPGQPVTVGHHLLAYVWMLLRDRSRIE
IDRILIRIKQLQVSLVILASKYVDLIVPGYTHLQRAQPVLLPHLLLSYVEQLERDAGRLV
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EVRKRINVLPLGSGAIAGNPLGVDRELLRAELNFGAITLNSMDATSERDFVAEFLFWASL 248
EVRKRINVLPLGSGAIAGNPLGVDRELLRAELNFGAITLNSMDATSERDFVAEFLFWASL
EVRKRINVLPLGSGAIAGNPLGVDRELLRAELDFGAITLNSMDATSERDFVAEFLFWASL
EVQKRINVLPLGSGAIAGNPLGVDREFLCAELNFGAITLNSMDATSERDFVAEFLFWASL
EVQKRINVLPLGSGAIAGNPLGVDRELLRAELNFGAITLNSMDATSERDFVAEFLFWASL
EVKKRMSVLPLGSGALAGNPLEIDRELLRSELDFASISLNSMDAISERDFVVELLSVATL
EVKKRVNVLPLGSGAIAGNPLGVDRELLCK---------------------AEFLFWASL
DIRKRVNVMPLGSGAIAGNPFDIDRELLRQELSFDSISINSMDATGQRDFVAEFLFWGSM
DSLKRIDINPLGAAALSGTTYPIDRHETTALLNFGSLYENSLDAVSDRDYIIETLHNISL
DMAARANVSPLGAGALAGTTLPIDPTRTAHHLGFAGPYQNSLDAVSDRDFAIEFLADLAL
NCRERMNFCPLGACALAGTGLPIDRFQTAKDLKFTAPMKNSIDAVSDRDFVLEFLAANSI
:
* .. ***: *::*.
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Human
Chimpanzee
Cow
Rat
Mouse
Chicken
Frog
Zebrafish
Staphylococcus_aureus
Sulfobacillus_acidophilus
Corn

CMTHLSRMAEDLILYCTKEFSFVQLSDAYSTGSSLMPQKKNPDSLELIRSKAGRVFGRCA 308
CMTHLSRMAEDLILYCTKEFSFVQLSDAYSTGSSLMPQKKNPDSLELIRSKAGRVFGRCA
CMTHLSRMAEDLILYGTKEFSFVQLSDAYSTGSSLMPQKKNPDSLELIRSKAGRVFGRCA
CMTHLSRMAEDLILYGTKEFNFVQLSDAYSTGSSLMPQKKNPDSLELIRSKARRVFGRCA
CMTHLSRMAEDLILYGTKEFSFVQLSDAYSTGSSLMPQKKNPDSLELIRSKAGRVFGRCA
LMIHLSKLAEDLIIFSTTEFGFVTLSDAYSTGSSLLPQKKNPDSLELIRSKAGRVFGRLA
CMTHLSKMSEDLIIYSTKEFGFVTLSDSYSTGSSLMPQKKNPDSLELIRGKTGRVFGRCS
CLTHLSKMAEDLILYSTKEFSFINLTDAYSTGSSLMPQKKNADSLELIRSKAGRVFGRCA
TMVHLSRFAEEIIFWSTDEAKFITLSDAFSTGSSIMPQKKNPDMAELIRGKVGRTTGHLM
VAVHLSRLSEELILWSGREFGFITLSDHWATGSSMMPQKKNPDIAELIRGKSGVVIGQLT
AAVHLSRIGEEWVLWASEEFGFLIPSDKVSTGSSIMPQKKNPDPMELVRGKSARVVGDLM
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* *: :* :****::***** * **:*.*
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Sulfobacillus_acidophilus
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GLLMTLKGLPSTYNKDLQEDKEAVFEVSDTMSAVLQVATGVISTLQIHQENMGQALSPDM 368
GLLMTLKGLPSTYNKDLQEDKEAVFEVSDTMSAVLQVATGVISTLQIHQENMGQALSPDM
GLLMTLKGLPSTYNKDLQEDKEAVFEVSDTMSAVLQVATGVISTLQIHRENMGRALSPDM
GLLMTLKGLPSTYNKDLQEDKEAVFEVSDTMTAVLQVATGVISTLQIHRENMAQALSPDM
GLLMTLKGLPSTYNKDLQEDKEAVFEVSDTMIAVLQVATGVISTLQIHRENMKQALSPDM
AVLMVLKGLPSTYNKDLQEDKEAVFDVVDTLTAVLQVATGVISTLQVNKENMEKALTPEL
GFLTTLKGLPSTYNKDLQEDKEAMFDVYDTVCAVLQVASGVIATLQINKEAMEKALSPDM
GFLMTLKGLPSTYNKDLQEDKEAMFDTYDTVHAVLQVATGVISTLKVNQVKMEEALSPDM
SMLMTLKGLPLAYNKDMQEDKEGLFDAVHTIKGSLRIFEGMIQTMTINKERLNQTVKEDF
AFLTLMKGLPLAYNRDLQEDKGLLFTGVDTVLASLDAMAGLLAGITVNPKRIQEDMGEDL
TVLTLCKGLPQAYNRDLQEDKEPLFDSVKAVLGMLEVCTEFAQNISFNSKRIQSSLPAGY
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Cow
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Sulfobacillus_acidophilus
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L-ATDLAYYLVRKGMPFRQAHEASGKAVFMAETKGVALNQLSLQELQTISPLFSGDVICV 427
L-ATDLAYYLVRKGMPFRQAHEASGKAVFMAETKGVALNQLSLQELQTISPLFSGDVSCV
L-ATDLAYYLVRKGMPFRQAHEASGKAVFMAETKGVALNQLSLQELQTISPLFSGDVSHV
L-ATDLAYYLVRKGMPFRQAHEASGKAVVVAEMKGVALNQLSLQELQTVSPLFSSDVNLV
L-ATDLAYYLVRKGMPFRQAHEASGKAVFMAETKGVALNLLSLQELQTISPLFSGDVSHV
L-STDLALYLVRKGMPFRQAHVASGKAVHLAETKGIAINKLTLEDLKSISPLFASDVSQV
L-STDIAYYLVRKGMPFRQAHGVSGKVVQLAETKGMSVDKLTLENLKSISPLFSDDVSKV
L-ATDLAYHLVRKGMPFREAHGCAGKAVYIAESKNIRLSQLTVEDLQTVSSLFDKDVSSV
SNATELADYLVTKNIPFRTAHEIVGKIVLECIQQGHYLLDVPLSTYQQHHSSIDADIYDY
L-ATDWAEKLVQDGIPFREAHGQVAARFRDPQVKAASP----------------DAIR-LDATTLADYLVKKGVPFRTSHEIVGRSVALCVSKNCQLAELELADLKSVHPVFEDDVYEY
:* * ** ..:*** :*
. .
:
:

Human
Chimpanzee
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Rat
Mouse
Chicken
Frog
Zebrafish
Staphylococcus_aureus
Sulfobacillus_acidophilus
Corn

WDYGHSVEQYGALGGTARSSVDWQIRQVRALLQAQQA--------- 464
WDYGHSVEQYGALGGTARSSVDWQIRQVRALLQAQQA--------WDYGHSVEQYEALGGTARSSVDWQIGQLRALLRAQQTESPPHASPK
WDYSHSVEQYTALGGTAQSSVEWQISQVRALLQM-----------WDYSHSVEQYSALGGTAKSSVEWQIRQVRALLQAQEP--------FNIVNSVEQYTAVGGTAKSSVTAQIEQLRELLKKQKEQA------WNYTNSVEQYTAAGGTAKSSVLVQIEQLRTWMKTHRV--------WDYVKSVEQYSAPGGTSKSSVTAQIQHFKTWLQAQKL--------LQPENCLKRRQSYGSTGQSSVKQQLDVAKQLLSQ---------------HSLTLRDRPMGPGPAHVREQIRAARQLL-------------LGVENAVNKFISYGSTGSEQVKKQLEDWRIQLGVSS---------:.:
. .
* *:
: :
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Figure 41. Evolutionary conservation of novel missense mutations for
hASL
Clustal Omega software (http://www.ebi.ac.uk/Tools/msa/clustalo/) (last accessed
01/05/2017) was used to generate the alignment of the protein sequence of different
species. Residues identical to the human ASL gene are indicated by an asterisk (*).
Conserved amino acids with strong or weak similarities in the biochemical properties
are marked with a colon (:) and a dot (.), respectively. Amino acids affected by novel
missense or truncating mutations are highlighted in yellow Arg126Gln, Arg146Gln,
Met250Lys, Glu258Lys. Protein sequences used to generate this alignment are
NP_000039

(human),

H2RBX6

(chimpanzee),

NP_001029600

(cow),

NP_001025885 (chicken), NP_067588 (rat), NP_598529 (mouse), NP_001106586
(frog), NP_956745 (Zebrafish), (staphylococcus aureus), (sulfobacillus acidophilus)
and (corn).

Allele frequency
Mutation

c.348+1G>A
c.349-1G>A
c.377G>A
c.437G>A
c.749T>A
c.772G>A
c.1143+117_*1353del
c.1284G>A

Eva-ExAC

Ensembl

0/118,472
0/118,472
1/119,582
0/118,472
1/117,096
0/118,472
0/118,472
0/118,472

Novel
Novel
1/121,403
Novel
1/121,409
Novel
Novel
Novel

Table 14. Allele frequency of novel mutations in Eva-ExAC and Ensembl
databases
Databases accessed on 01/12/2016. Reproduced from (337).
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3.7 Discussion
This study describes three groups of patients with argininosuccinic aciduria (earlyonset, late-onset and perinatally screened after the diagnosis of a familial proband)
with prolonged follow-up periods and compares the long-term outcome with regards
to the time at initiation of treatment. In contrast to previously reported patients
diagnosed by newborn screening, this study describes screened patients, who had a
familial index case with a known phenotype.

3.7.1 An expanding phenotype of argininosuccinic aciduria

Neurological phenotype
The most common complications of patients affected by argininosuccinic aciduria
were neurological. The comparison of the different groups demonstrates a
homogeneous long-term neurological outcome, with no significant difference in
frequency, severity and age of onset for all neurological features assessed
(developmental delay, neuroimaging, myopathy, epilepsy, ataxia and other abnormal
movements) (See Section 3.3). Aggressive behaviour and psychiatric problems such
as

psychosis

and

paranoid

ideation

have

been

previously

reported

in

argininosuccinic aciduria (See Section 1.2.3) (53, 60, 66, 67), although these
features were not observed in this cohort.
The early-onset group showed a tendency to have higher ammonia levels compared
to the late-onset group, as evidenced by differences in the ammonia levels at
diagnosis, and the subsequent need for ammonia scavenger medications and
protein-restricted diet. The screened patients also needed more treatment to control
their ammonia levels than patients in the late-onset group because most of them
(5/8) had siblings with early-onset disease. Plasma argininosuccinic acid levels were
higher in early-onset compared to late-onset and screened patients (See Section
3.5). However, the differences in ammonia levels and therapeutic requirements did
not affect the neurological phenotype. These observations suggest that ammonaemia
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and argininosuccinic acid levels are not the dominant factors causing the long-term
neurological phenotype in argininosuccinic aciduria.
Compared to other urea cycle defects, patients affected by argininosuccinic aciduria
have the lowest frequency of hyperammonaemic crises (23%) but the second highest
frequency of cognitive impairment (65%) after arginase deficiency (97). As the
neurological disease is progressive (See Section 3.4), duration of the follow-up is
related to the outcome. At the end of the first year, the frequency of developmental
impairment is similar to other urea cycle defects (64%) attributable to sequellae of
neonatal hyperammonaemia in early-onset patients (338). This frequency increases
to 50-100% with time (this study, (3, 6, 7, 59, 97, 129-131) with a median age at first
report of developmental impairment in this study of 2 years (See Section 3.3).
Previous publications have suggested that neonatal screening and early initiation of
treatment may prevent or ameliorate the neurological disease (15, 95, 145). For
example a cohort of neonatally screened Austrian patients with late-onset phenotype
were initially described to have a normal psychomotor development at the mean age
of 6 years (95). However, another report describing an extended Austrian cohort of
neonatally screened patients but tested at a median age of 13 years found that 35%
of patients (6/17) had an IQ of less than 80. Although in this group none of the
patients had seizures, 45% (4/9) had an abnormal electroencephalogram (17).
Interestingly, none of the patients had recorded episodes of hyperammonaemia and
none were treated with protein restricted diet or ammonia scavenger drugs. The
authors hinted that argininosuccinic aciduria could inherently be a heterogeneous
disorder and therefore lack of knowledge of genotype-phenotype correlation makes it
difficult to conclude whether early treatment modifies the neurological phenotype
(See Section 1.2.8). In our study all screened patients had a symptomatic sibling,
which provided us with the information about probable disease subtype.

Systemic phenotype
In addition to the neurological complications, our study found a wide range of
systemic problems in patients with argininosuccinic aciduria (See Section 3.4). All of
the systemic complications were more frequent in the early-onset group, apart from
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trichorrhexis nodosa, which was only seen in the late-onset patients (5/23). Liver
disease is well recognised in argininosuccinic aciduria (74) and was found in 81% of
the early-onset patients. No patients had cholestasis or developed cirrhosis or liver
failure. Hypokalaemia occurred in 70% of our early-onset patients, usually as an
intermittent problem during illness. Nephromegaly was also common, providing
further evidence for renal involvement. Chronic diarrhoea has not been reported
previously but it was a major problem in many of our patients with endoscopy
showing non-specific mild inflammation. This has been observed in an enterocytespecific conditional knockout mouse model, in which a loss of ASL was associated
with necrotizing enterocolitis, a persisting proinflammatory state with increased levels
of interleukin 6 (IL-6) and neutrophilic infiltration of the gut. This was associated with
an activation of proapoptotic pathways in enterocytes (339).
As a similar pattern of systemic complications was found in the screened group, this
suggests that prospective treatment has no preventative effect.

Genotype-phenotype correlation
Mutation analysis of this cohort of patients identified likely genotype-phenotype
correlation for some of the mutations in agreement with the literature.
The frequently occurring mutation c.35G>A, p.(Arg12Gln) was associated with the
late-onset phenotype in one patient in this study as previously suggested for
homozygous and compound heterozygous patients (17, 21, 23). It has been reported
that the arginine 12 residue on the N-terminal loop close to the catalytic site of ASL
might influence the binding or exit of the substrate without affecting the catalytic site
therefore explaining the milder form of argininosuccinic aciduria associated with this
mutation (23).
The novel homozygous mutation c.749T>A, p.(Met250Lys) was observed in two
unrelated patients with an early onset phenotype. This mutation involves changes in
the protein sequence close to two other amino acid modifications also associated
with an early-onset phenotype p.(Glu241Lys) and p.(Trp245fs) (21).
The homozygous mutation c.1153C>T, p.(Arg385Cys) has been associated
previously with either early-onset (n=4) (61, 130), this study), or late onset
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phenotypes (n=7) (61, 130). However, all patients with the late onset phenotype were
diagnosed before 20 months of life. This mutation has a founder effect in the Finnish
population (130) and is associated with very low argininosuccinate lyase activity
affecting an amino acid near the catalytic site of the enzyme (340).
In this study c.857A>G, p.(Gln286Arg), when in compound heterozygous form with
c.719-2A>G, resulted in an early-onset disease. Previously, when detected in
homozygous form it was also reported to cause early-onset disease (21, 35, 130,
137, 341 5286). It is not surprising as the glutamine 286 residue is part of the 280’s
loop (residues 270-290), which affects catalysis (23). However c.857A>G has also
been found in combination with c.578G>A, another mutation seen in early-onset
patients, in a patient with a late-onset phenotype (diagnosed at 15 months) and
borderline ammonia levels (61). These inconsistencies suggest that a novel
combination of two missense mutations may produce an unexpected phenotype.
Some similar genotypes can cause different phenotypes e.g. c.348+1G>A/c.532G>A
and c.349-1G>A/c.532G>A causing late- and early-onset phenotypes, respectively.
The cut-off age of 28 days of life differentiating early- from late-onset phenotypes is
not as clear-cut in a clinical context and does not reflect the diversity of clinical
presentation. This needs to be considered in a phenotypic continuum taking into
account the age at diagnosis. Therefore a patient presenting with a late-onset
phenotype diagnosed during paediatric age might have a genotype more similar to a
patient with early-onset presentation rather than a patient with late-onset phenotype
diagnosed

at

adulthood.

Supporting

this,

the

patient

with

genotype

c.348+1G>A/c.532G>A was diagnosed at the age of 12 years.

3.7.2 Pathophysiology of argininosuccinic aciduria

Argininosuccinate lyase is not only involved catalytically in the urea cycle but is also
required structurally to maintain a complex enabling the channelling of arginine to
nitric oxide synthase for nitric oxide production. An early-onset phenotype with
neonatal hyperammonaemia is associated with a more severe systemic phenotype,
whilst the neurological phenotype is not affected by the age of onset.
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Various pathophysiological mechanisms have been proposed to account for the longterm complications of argininosuccinic aciduria (See Section 1.2.2).
Argininosuccinic acid may be toxic to the brain, either directly or via the formation of
guanidino compounds i.e. guanidinosuccinic acid or guanidinoacetate. Raised
guanidinoacetate was reported on brain spectroscopy of patients affected by
argininosuccinic aciduria in the gray (3.63 ± 0.6 mM) and the white matter (3.52 ±
0.09 mM) (52, 53) and may be explained by L-arginine supplementation (53). In our
study, levels of guanidinoacetate were similar to controls in basal ganglia but slightly
elevated in white matter (1.05 ± 0.41 mM). Patients with guanidinoacetate
methyltransferase

(GAMT)

deficiency

have

much

higher

guanidinoacetate

concentrations in brain (3.4-3.6 mM) (342) and cerebro spinal fluid (11-12 μM) (343).
There is also some evidence of raised guanidinoacetate in patients with
hyperargininaemia due to arginase deficiency, with variable cerebrospinal fluid
guanidinoacetate concentrations (up to 0.127 μM versus controls 0.049 μM) (344).
Guanidinosuccinic acid could mimic nitric oxide and activate N-methyl-D-aspartate
(NMDA) receptors (345-347) and there is also evidence that guanidinoacetate could
be neurotoxic (348, 349). However, if argininosuccinic acid were to be the main
cause of the neurological complications, one might expect more severe problems in
patients with higher concentrations (such as patients in the early-onset group), which
we did not see in our patients (See Section 3.3) (345-347).

In humans, argininosuccinate lyase is crucial for the synthesis of L-arginine, which is,
therefore, an essential amino acid in patients with argininosuccinic aciduria. Arginine
deprivation, associated with altered nitric oxide-mediated immune responses, can
alter neuronal function and lead to site-specific neuronal loss in animal models of
neurodegenerative diseases (350). Arginine is a precursor for several metabolic
pathways including the synthesis of creatine, agmatine and polyamines (See Section
1.2.1). Creatine deficiency was observed on brain spectroscopy in this study (See
Section 3.3) and other publications (51-53). Secondary creatine deficiency is a
common feature in urea cycle defects (51) caused by either hypoargininaemia or
defective transport of creatine (351) but its role in cerebral dysfunction has not been
convincingly demonstrated (51). Agmatine, which is synthesized from L-arginine may
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be involved in learning and memory processing (352, 353), neuroprotection against
inflammation, ischemia, or traumatic injury (354). In addition agmatine is likely to be
involved in other nitric oxide-modulated effects including anticonvulsant effects (355),
mood-modification, lowering blood pressure and inhibiting sympathetic tone (356),
improvement of renal function (357, 358). Thus secondary agmatine deficiency could
explain some of the symptoms observed in argininosuccinic aciduria.

Finally, the neurological problems in argininosuccinic aciduria may be caused by
impaired nitric oxide synthesis. Using an AslNeo/Neo hypomorphic argininosuccinic
aciduria mouse model, Erez et al. showed that defective argininosuccinate lyase is
responsible not only for the loss of the catalytic function of the enzyme, which
cleaves argininosuccinate into L-arginine and fumarate, but also affects the structural
integrity of a multi-protein complex composed of argininosuccinate lyase,
argininosuccinate synthase, cationic transporter 1, HSP90 and nitric oxide synthase
which is required for nitric oxide production (See Section 1.2.1) (359, 360). Defective
intracellular arginine channelling disrupts the nitric oxide synthase-dependent nitric
oxide synthesis pathway and leads to systemic nitric oxide deficiency (310). The
production of nitric oxide by nitric oxide synthase is tightly regulated in tissues.
Hypoargininaemia or depletion of tetrahydrobiopterin (BH4) can lead to uncoupling of
nitric oxide synthase (32), decreased nitric oxide production and increased
generation of free radicals that damage tissues (See Section 1.2.2 & Figure 5) (85).
Reactive oxygen species such as peroxynitrite (ONOO-), superoxide (O2-) or
hydrogen peroxide (H2O2) can damage DNA or lipids but interfere as well with nitric
oxide synthase activity, nitric oxide production and regulation of the microcirculation
(361). Nitric oxide synthesis occurs in most organs and nitric oxide mediates
essential functions including vasodilatation (362, 363), macrophage-mediated
cytotoxicity (364), gastro-intestinal smooth muscle relaxation (365), platelet
aggregation (365, 366) and bronchodilation (367). In addition regulation of tissue
nitric oxide levels affect progression of liver fibrosis (368), muscle strength and
performance (369, 370) and kidney filtration rate (357, 371, 372), through activation
of guanylate cyclase (373) and protein S-nitrosylation (374), which in turn regulates
histone methylation and gene expression (375). In the brain, nitric oxide plays a keyrole as a signalling molecule (376) involved in neurotransmission (377), regulation of
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neuronal differentiation (378, 379) and migration (380, 381). The nitric oxide
signalling pathway controls cyclic adenosine deaminase response-element binding
protein (CREB)-dependent genes through S-nitrosylation of histone deacetylase 2
(HDAC2) (382). S-nitrosylated HDAC2 is released from chromatin inducing
acetylation of histones that promotes transcription of genes (383) involved in
neurodevelopment (376, 384, 385).

Nitric oxide deficiency might account for the neuropathology underlying the
neuroimaging findings highlighted in this study, such as local parenchymal infarcts or
nodular heterotopia, due to impaired microcirculation and abnormal neuronal
migration during development, respectively. Besides neurological implications,
several symptoms might be caused by systemic nitric oxide imbalance such as
systemic hypertension, chronic hepatitis, renal (357, 371, 372), and gut dysfunction
(386), nodular heterotopia due to abnormal neuronal migration during development,
liver fibrosis (368), myopathy-like phenotype (369) and chronic diarrhoea (364, 387).
Nitric oxide participates in the regulation of the microcirculation in the liver (388), is
involved in liver ischemia reperfusion injury potentiating inflammation and release of
reactive oxygen species (389). In liver fibrosis, nitric oxide bioavailability is reduced
by down-regulation of the endothelial nitric oxide synthase (eNOS) and increased
production of reactive oxygen species (368). Hence disturbed hepatic metabolism of
nitric oxide could account for at least some of the symptoms observed in patients
(See Section 1.2.2).

3.7.3 Need for new therapies

This study displays a persisting neurological and systemic disease in patients
affected by argininosuccinic aciduria and treated conventionally, although not
obviously linked to hyperammonaemia. Although some organs (liver, kidney, gut) are
more frequently affected in early-onset patients, who have higher ammonia and
argininosuccinic acid levels, this interestingly is not true for the brain. Our observation
of parenchymal infarcts, nodular heterotopia and the recent report of mild
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neurological improvement after nitric oxide supplementation (85) support the role of
nitric oxide deficiency in the pathophysiology of the brain disease in argininosuccinic
aciduria. Currently correction of nitric oxide deficiency is not considered in the
conventional treatment of argininosuccinic aciduria although a clinical trial has
recently been initiated to study the long-term outcome of nitric oxide supplementation
(Clinical trials numbers NCT02252770 and NCT03064048 from clinicaltrials.gov
accessed on 06/04/2017).
As argininosuccinate lyase deficiency impairs two essential metabolic pathways,
metabolic consequences of the two pathways need to be considered in tailoring
adequate therapeutic approaches. Nitric oxide deficiency is not affected by the
conventional treatment which focuses on controlling hyperammonaemia and
correcting hypoargininaemia. Similarly a liver-targeted therapy alone such as liver
(76, 120, 390, 391) or hepatocyte transplantations (105) result in only mild
neuropsychological improvement with persisting developmental delay in patients
transplanted after 12 months of age and with follow-up after transplantation ranging
from 1 to 5 years.
If the neuropathology is partially caused by impaired cerebral nitric oxide metabolism,
liver transplantation, whilst curing the urea cycle, would not be expected to correct
the systemic citrulline-nitric oxide cycle defect. Concordant with the above,
successful liver-targeted gene therapy in the AslNeo/Neo mouse did not correct extrahepatic features such as defective nitric oxide-mediated vascular relaxation (85).
There is therefore a need for new therapeutic approaches to correct nitric oxide
deficiency seen in patients affected by argininosuccinic aciduria. This could include
the use of an enriched nitrate diet (27), nitrate therapy (85, 310) or multiorgantargeted gene or cell therapy.

3.8 Conclusion
This study expands the phenotypic spectrum of the disease in the UK highlighting
new neurological and systemic features that have not been reported previously. It
also affords a better understanding of the genotype-phenotype correlation with the
report of new pathogenic mutations.
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This study accurately describes the poor and homogeneous long-term neurological
outcome in patients affected by argininosuccinic aciduria irrespective of their
phenotype (early- or late-onset) and the age at the start of conventional treatment.
This demonstrates the insufficient benefit of the current therapeutic approach for the
preservation of the neurocognitive outcome. Neuroimaging data in this study and
data from the literature support the role of nitric oxide in the pathophysiology of the
disease. Although the neuropathology in argininosuccinic aciduria and the respective
role of nitric oxide warrants further scientific work, the findings presented in this study
offer avenues to harness alternative therapeutic strategies for argininosuccinic
aciduria.
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4.

ASSAY

DEVELOPMENT

FOR

FUNCTIONAL

CHARACTERISATION OF THE UREA CYCLE
4.1 Introduction
The development of alternative therapeutic strategies for argininosuccinic aciduria
requires methods to accurately assess efficacy with relevant endpoints. In urea cycle
defects, amino acids involved in the urea cycle are useful biomarkers commonly
used diagnostically to define the deficient enzymatic step and for monitoring
metabolic control during regular follow-up visits. Concentrations of these amino acids
are either increased if breakdown is deficient or decreased if synthesis is inadequate,
depending on their position, before or after the metabolic block, respectively.
Measurement of enzymatic activities is another tool of paramount interest to evaluate
the residual function of a rate-limiting step in the pathway.
Over the last 30 years, advances in mass spectrometry, a technology used to identify
compounds based on their molecular weight, has led to regular applications in daily
laboratory practice. For instance, when coupled to a chromatography based method
additional separation of compounds can be achieved enabling very acurate
identification and quantification of multiple metabolites in a reduced amount of tissue
or biological fluid, which is now routinely used in pathology laboratories and for
newborn screening (392).

4.1.1 Detection of analytes by tandem mass spectrometry

Mass spectrometry is an accurate method to identify and quantify analytes on the
basis of their mass to charge ratio (m/z). The analyte molecule is converted into an
ionised (charged) state and the resulting ions are analysed.
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The most common method of ionisation is electrospray ionisation (ESI) developed by
Fenn, who was awarded the Nobel prize in 2002 for this pioneering work (393). It is
well suited for the analysis of most mildly polar biological molecules. The liquid
sample is pumped through a metal capillary maintained at 3 to 5 kiloVolts and
nebulised to form a very fine spray of highly charged droplets, which rapidly
evaporate in the flow of heated dry nitrogen. As the solvent evaporates, the droplet
becomes smaller and will reach its Rayleigh limit when the electrostatic repulsion of
charges becomes more powerful than the surface tension of the droplet. The droplet
liberates further smaller droplets called the Coulomb fission, which will subsequently
undergo the same process. This results in the formation of a gas-phase containing
ionised analytes as the electrical charges on the droplet are transferred to the
analytes (394). Due to their charge, ions will be attracted to the ion source and
transferred into the vacuum of the mass spectrometer for analysis (Figure 42).
Positive (mass + H+) or negative (mass – H+) ionisation occurs depending on the
chemistry of the molecule and its ionisational groups. ESI is a “soft” ionisation
method with little energy being transferred to the analyte and hence minimal
fragmentation (395).
The ionised analytes present in the gas-phase are then focussed in a triple
quadrupole mass spectrometer. A quadrupole contains 4 parallel metal rods, where
varying radiofrequency and direct current voltages are applied producing an
oscillating electric field, to convey a specific analyte along the quadrupole according
to its m/z value. Varying voltages allow screening for different m/z values. A triple
quadrupole system allows selection of a precursor or “parent” ion in the first
quadrupole. This ion then undergoes fragmention by collision with an inert gas such
as nitrogen or argon in the collision cell, and analysis of the product or “daughter”
ions or fragments produced by the collision, are “focused” onto a detector by a
second set of quadrupoles. This process is called collision-induced dissociation.
Every precursor ion depending on its chemical formula will have a preferred and
reproducible fragmentation pattern with specific product ions. The first and second
quadrupoles can either be used in scan mode, allowing screening of any ion passing
through, or fixed mode with detection limited to specific m/z values (395). The latter,
a process referred to as multiple reaction monitoring (MRM) involves defining and
optimising m/z transitions, which are applied in the first and second quadrupoles and
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allows the analysis of various compounds of interest in the same sample run. Whilst
identification of the parent ion using mass spectrometry in multiple reaction
monitoring mode is highly sensitive, the probability of the presence of another
biochemical in biological fluids sharing the same m/z is high. However adding a
second step of m/z selection for fragmented ions arising from the initial “parent” ion
adds a much higher level of sensitivity and specificity (Figure 43). The combination
of this with liquid chromatography, which will initially separate the molecules present
in the sample, further increases the specificity of the method.
Atmospheric pressure
HPLC column

Vacuum
Mass spectrometer

Metal-coated
glass capillary

Solvent droplets

Analyte ions released
from solvent

Hea,ng nitrogen
drying gas
3.5 kV
Poten,al diﬀerence

Figure 42. Schematic of electrospray ionisation
The analytes are eluted from the HPLC column by liquid chromatography into the
electrospray capillary, which has a high potential difference. The sample is
subsequently sprayed as small charged droplets with a surface charge of the same
polarity to the charge of the electrospray capillary. These droplets are repelled from
the capillary and move towards the mass spectrometer due to the electric charges
present. During this trajectory, the solvent evaporates and ionised molecules enter
the mass spectrometer. A heated inert gas is applied to facilitate the evaporation.
The electrospray ionisation transforms analytes in solution into gas-phase ions.
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Quadrupole 1

Collision cell

Quadrupole 2

Detector

Argon

Figure 43. Schematic of multiple reaction monitoring analysis in a triple
quadrupole mass spectrometer
The compound of interest is separated from other compounds (‘the matrix’) according
to its m/z ratio in quadrupole 1. After this first selection, the ‘parent’ ion is fragmented
in the collision cell. Fragment ion(s) or product ion(s) with specific m/z ratios are
selected in the second quadrupole and passed onto the detector.

Hence liquid chromatography-tandem mass spectrometry (LC-MS/MS) is a method
of choice to separate, identify and quantify biochemicals accurately and reproducibly
and is routinely used in diagnostic laboratories. An example of the use of LC-MS/MS
is in the analysis of amino acids which gives better sensitivity than methods such as
ion-exchange liquid chromatography alone (103).
This chapter discusses the development and optimisation of a method for the
analysis of the urea cycle-related amino acids: arginine, citrulline, glutamate,
glutamine, ornithine and argininosuccinic acid and also the anhydride form(s) of
argininosuccinic acid. Argininosuccinic acid has the possibility to create a structure
having a five-membered ring when an acyl group binds an amine group located
within the aliphatic chain of the molecule. This creates the loss of one molecule of
water, creating an anhydride derivative. Two anhydrides of argininosuccinic acid
have been identified (396) (Figure 44). These compounds have the same molecular
mass and are readily interconvertible (397). This biochemical reaction happens
spontaneously with formation being increased by heating. It has been estimated that
these anhydride forms account for 1% (398) to 5-10% of the argininosuccinic acid
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present in urine samples (397), although high percentages might reflect a false
increase caused by experimental conditions (398).

Anhydride 1 (272)

Argininosuccinic acid (290)

H2O

Anhydride 2 (272)

H2O

Figure 44. Formation of the 2 anhydrides of argininosuccinic acid
The molecular weight of each molecule is indicated in brackets. H: Hydrogen, N:
Nitrogen, O: Oxygen.
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4.1.2 Separation of analytes by chromatography
Chromatography is an accurate and reproducible method used for the separation of
compounds based on their physicochemical properties, which was developed for
separation of plant pigments by Tswett, a Russian botanist in the 1900s (399). The
term “chromatography” was invented from the association of two Greek words
“Chrom” and “Graph” meaning “colour” and “writing” as the method initially was
developed to separate green chlorophyll, orange carotenes and yellow xanthophylls.
The separation is obtained with a system comprised of 2 “phases”: a mobile phase
(liquid or gas) and a stationary phase as a fixed porous sorbent. The stationary
phase can retain the analyte based on i) selective non-covalent interactions based on
electromagnetic affinity called “affinity chromatography”, ii) covalent interactions and
electric polarity between functional groups of molecules named “ion exchange
chromatography” or iii) molecular size called “size-exclusion chromatography”. The
modification of composition of the mobile phase through a progressive gradient
allows binding of the compounds to the stationary phase then sequential elution
based on physicochemical properties of each analyte. Each analyte, depending on
the specific mobile phase, will bind differently to the stationary phase and will be
eluted and detected at a specific reproducible time (retention time) for a particular
method (400).
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4.2 Development of a liquid chromatography - tandem mass
spectrometry (LC-MS/MS) method for the quantification of
urea cycle-related amino acids
4.2.1 Detection of amino acids using tandem mass spectrometer

Derivitisation of amino acids with 9-fluorenylmethyl chloroformate (FMOC) and
identification by LC-MS/MS
The FMOC derivatisation protocol is described in Section 2.14.3.
Each fraction was infused directly into the mass spectrometer and m/z transitions
were calculated for each precursor (“parent”) and product (“daughter”) ions. Cone
voltage and collision energies were optimised to maximise the detection of both
precursor and product ions for each analyte (Table 15). Whilst this protocol resulted
in good sensitivity for the majority of the amino acids, the sensitivity for
argininosuccinate and its anhydrides was very low. Derivatisation was attempted at
different pHs (pH range from 7 to 10.4) to see if sensitivity could be improved
however no increase in sensitivity was achieved. An attempt was made to convert
the argininosuccinate to its anhydride form(s) to see if this would increase the
sensitivity by heating the solution for one hour at 100°C. This increased 5-fold the
amount of the arginosuccinate anhydrides detected but decreased the sensitivity of
the other amino acids. Hence it was decided not to use the FMOC derivatisation
protocol but to analyse the amino acids underivatised as summarised in Section
2.14.5 and extensively described in Section 4.2.3.

Optimisation of parameters used for ESI-MS/MS analysis of underivatised amino
acids
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Published reports have shown that it is possible to analyse underivatised amino acids
using electrospray ionisation tandem mass spectrometry in plasma, urine,
cerebrospinal fluids and leukocyte pellets (401). Some reports have also highlighted
better precision using this methodology for detection of arginine, citrulline and
ornithine in dried blood spots (402).
Similarly to the analysis of the derivatised amino acids (see Section 2.14.3),
solutions of underivatised amino acids and deuterated analytes were infused into the
mass spectrometer. Optimal m/z transitions for precursor and product ions for each
analyte were identified by infusing a stock solution of 0.1 and 1 mM of each analyte
into the mass spectrometer without and with the presence of collision gas,
respectively in either positive or negative ion mode. The best detection was observed
in positive ion mode. Using the multiple reaction monitoring mode, cone voltage and
collision energies which resulted in maximal ion detection for both precursor and
product ions were identified (Table 15). In order to calculate the theoretical m/z
transition to monitor, one supplementary unit is added to the molecular weight of
each analyte, which corresponds to the protonised molecule, to obtain the mass of
the parental ion.

Analyte
L-Ornithine
L-Ornithine-d7
L-Arginine
L-Arginine-13C6
ASA anhydrides
Argininosuccinate
L-Glutamine
L-Glutamine-13C2
L-Glutamate
L-Glutamic acid-d5
L-Citrulline
L-Citrulline-d7

Retention
time
(minutes)
5.73
5.73
5.79
5.79
6.07
6.26
6.51
6.51
6.57
6.57
6.60
6.60

Precursor
ion
(m/z)
132.93
139.98
175.10
181.10
273.12
291.02
147.06
149.06
148.02
153.06
176.10
183.15

Product ion
(m/z)
69.94
76.99
69.94
73.94
69.87
69.87
83.94
84.94
83.82
88.86
69.94
76.99

Cone
voltage
(Volts)
17
16
28
28
40
40
18
18
20
20
30
30

Collision
energy
(Volts)
17
15
20
20
29
29
12
12
11
11
18
18

Table 15. Optimised mass spectrometry parameters used for the detection
of underivatised urea cycle amino acids in positive ion mode
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4.2.2 Optimisation of mobile phase conditions used for LC-MS/MS
analysis

In this work, a technique known as “reverse phase chromatography” was used. The
initial descriptions of the chromatography method developed by Tswett used mobile
and stationary phases that were non polar and polar, respectively. Conversely,
reverse phase chromatography uses a polar mobile phase and non-polar stationary
phase, justifying the name. In this method, compounds are separated via i)
hydrophobicity exacerbated by the polar mobile phase, with the more hydrophobic
compound being retained by the solid phase for longer, and ii) an absorption process
necessary for the sample molecules to bind via non-covalent interactions (i.e. van der
Waals forces) with the non-polar sorbent of the column.
Thus the mobile phase plays a key-role acting both as a vehicle to move the
compounds as well as contributing to the separation, with different compositions and
gradients applied regulating chemical properties of the analytes. Variations in pH and
polarity will modify the attachment of the molecules of interest to the stationary
phase. Hence during method development for the LC-MS/MS analysis of the urea
cycle amino acids described in this chapter, several mobile phases were tested with
different gradients to obtain an optimal separation. The stationary phase selected
was a reversed-phase C18 column as described in Section 2.14.4.
Because of the polarity of the amino acids, the initial starting mobile phase(s) for the
separation required a high percentage of aqueous solution. Various aqueous mobile
phases were tested: 4% ammonium acetate with or without 0.01-1% formic acid;
0.045% trifluoroacetic acid; 0.1% formic acid; 0.5 mM heptafluorobutyric acid; 3.7%
acetic acid (403) with and without 1.3% heptafluorobutyric acid; 0.12% acetic acid
(404). Amino acids were eluted from the column by increasing the percentage of the
organic mobile phase. Various organic phases were investigated: acetonitrile with or
without 0.01-0.1% formic acid; 80% acetonitrile containing 0.05% trifluoroacetic acid;
methanol. Optimal separation and sensitivity were achieved using 3.7% acetic acid
(pH 2.4) and methanol as aqueous and organic mobile phases, respectively. A 25
minute gradient profile modified from Piraud et al (401) was used (Table 16). Each
gradient step was linear.
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The liquid chromatography-tandem mass spectrometry method developed showed
reproducible separation and retention times for all analytes (Figure 45)

3.7%
Methanol
Flow
Time (min)
Acetic Acid
(%)
(mL/min)
(%)
0
0
100
0.2
1
15
85
0.2
6
15
85
0.2
8
25
75
0.2
9
95
5
0.2
15
95
5
0.2
16
0
100
0.2
17
0
100
0.5
25
0
100
0.5

Table 16. Optimised mobile phase gradient profile
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5.79

Arginine (175.1 > 69.94)

5.79

13C6-Arginine (181.1 > 73.94)

6.26

6.14

Argininosuccinic acid (291.02 > 69.87)

Argininosuccinic acid anhydrides (273.12 > 69.87)

6.60

Citrulline (176.1 > 69.94)

6.60

D7-Citrulline (183.15 > 76.99)

6.57

Glutamate (148.02 > 83.82)

6.57

D5-Glutamate (153.06 > 88.86)

6.51

Glutamine (147.06 > 83.94)

6.51

1,2-13C2-Glutamine (149.06 > 84.94)

5.73

Ornithine (132.93 > 69.94)

5.73

D7-Ornithine (139.98 > 76.99)

Figure 45. Chromatogram of each analyte and their internal standards
The amount of each analyte injected was 2 nmol except for L-Glutamine-1,2-13C2
and L-Ornithine-2,3,3,4,4,5,5-d7,where 0.66 nmol were used. For each analyte, the
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transition monitored is mentioned as follows: precursor masss > product mass. At the
top of each peak, the retention time (presented in minutes) is indicated. In the Lcitrulline channel, there is a small amount of cross-talk observed with a small peak of
L-arginine detected: this can be explained as the parent ion transitions for these
amino acids only differ by one mass unit. However as L-arginine and L-citrulline have
different retention times (5.79 and 6.60, respectively), they are readily distinguished
from each other.

4.2.3 Extraction of amino acids from dried blood spots

To facilitate mouse blood sampling, a method for the quantification of amino acids
from dried blood spots was established to simplify collection and to minimise the
amount of blood needed for analysis. It is recognised that amino acid values
measured in dried blood spots differ from plasma values however this approach has
been shown to be reliable for monitoring amino acids (402, 405).
The protocol for the extraction of amino acids from blood spots (as described in
Section 2.14.5) was adapted from Schulze et al (406). Whole blood was spiked onto
a Guthrie card at time of collection and allowed to dry at room temperature for 24
hours before being stored at -20°C in a foil bag with desiccant. On the day of
analysis, a punch from the centre of the dried blood spot was placed in a 1.5 mL
microcentrifuge tube, which contained methanol and a mixture of internal standards
including 2 nM of L-Arginine-13C, L-Citrulline-2,3,3,4,4,5,5-d7, L-Glutamic-2,3,3,4,4d5 Acid, and 0.66 nM L-Glutamine-1,2-13C2 and L-Ornithine-2,3,3,4,4,5,5-d7. The
concentrations of the internal standards used were similar to the expected range of
concentrations of the analytes to be analysed within the samples. The sample was
sonicated in a sonication bath. The supernatant was removed and centrifuged at
16,000 g for 5 minutes prior to injection into the liquid chromatography-tandem mass
spectrometry system. Dried blood spots from anonymised healthy human controls
were used to optimise different parameters of the extraction method (Figures 46).
Glutamine can be converted into glutamate either spontaneously or via the catalytic
activity of glutaminase (407). This spontaneous deamidation can occur during
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storage (408). Taking into account this natural deamination, it was decided to
measure glutamate and glutamine separately and present results together. This was
considered as acceptable as glutamate and glutamine are part of the same buffering
pathway to prevent hyperammonaemia (See Section 1.2.2).
As expected the levels of argininosuccinic acid and the associated anhydrides were
not detectable in the dried blood spots from healthy individuals. As AslNeo/Neo mice
exhibit a severe failure to thrive, a punch of 3.2 mm diameter corresponding to a
blood volume of 3.4 μL (404) was chosen to facilitate blood collection.
The following parameters were investigated for optimisation of the extraction:
i) Extraction volume of methanol. The effect of increasing volumes of methanol (100
to 500 μL) was tested but this did not affect the concentration of analytes detected
(Figures 46A-F). Therefore the volume of extraction was minimised to 100 μL in
order to concentrate the amino acids extracted from the dried blood spot and to
increase the signal detected on the mass spectrometer.
ii) Duration of extraction (Figures 46G-L).
iii) Effect of sonication on extraction (Figures 46G-L).
Sample extraction was tested at different time points either with sonication (15
minutes to 1 hour) or without sonication (30 minutes to 7 hours). Although no obvious
benefit of sonication was observed (Figures 46G-L) in contrast to what has been
described in some publications (402), it was decided to maintain this step in the final
protocol as this step has been incorporated in some protocols of newborn screening
involving dried blood spots (409, 410). Therefore the minimum time of extraction with
sonication tested (i.e. 15 minutes) was chosen.
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Figure 46. Optimisation of extraction of analytes from a 3.2 mm dried blood
spot punch
The volume of methanol used to extract the analytes from the dried blood spots was
varied (A-F) as was the time of extraction with and without sonication (G-L). (A,G) Larginine, (B,H) L-citrulline, (C,I) L-ornithine, (D,J) L-glutamine, (E,K) L-glutamate,
(F,L) summed L-glutamine and L-glutamate.
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The final method is summarised in Figure 47 and Section 2.14.5. A 3.2 mm
diameter punch from the centre of the dried blood spot (corresponding to a blood
volume of 3.4 μL (404)) was placed in a 1.5 mL microcentrifuge tube in a 100 μL
volume containing 90 μL of methanol and 10 μL of a mixture of internal standards
containing 2 nM of L-Arginine-13C, L-Citrulline-2,3,3,4,4,5,5-d7, L-Glutamic2,3,3,4,4-d5 Acid, and 0.66 nM L-Glutamine-1,2-13C2 and L-Ornithine-2,3,3,4,4,5,5d7. The sample was sonicated in a sonication bath for 15 minutes before adding 400
μL of methanol resulting in a 4:1 volume dilution. The supernatant was removed and
centrifuged at 16,000 g for 5 minutes prior to injection into the liquid chromatographytandem mass spectrometry.

Figure

47.

Final

optimised

protocol

for

the

measurement

concentration of the amino acids of interest in a dried blood spot.
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4.2.4 Quantification of amino acids using stable isotopes
Various different parameters can alter reproducibility of day-to-day quantification by
mass spectrometry including cleanliness of the ion source, ion optics and collision
cell, ion source flow rates, collision cell pressure and mass spectrometer vacuum
(395). In order to correct for this variability, mass spectrometry methods routinely add
internal standards of known concentrations to the sample to allow for accurate
quantification. The stable isotopes L-Arginine-13C, L-Citrulline-2,3,3,4,4,5,5-d7, LGlutamic-2,3,3,4,4-d5 Acid, L-Glutamine-1,2-13C2 and L-Ornithine-2,3,3,4,4,5,5-d7
were used as internal standards. 2 nM of L-Arginine-13C, L-Citrulline-2,3,3,4,4,5,5d7, L-Glutamic-2,3,3,4,4-d5 Acid, and 0.66 nM L-Glutamine-1,2-13C2 and LOrnithine-2,3,3,4,4,5,5-d7 were spiked in all samples and into the points of the
standard curve. For argininosuccinic acid, no stable isotope was available so this
analyte was quantified using the internal standard L-Citrulline-2,3,3,4,4,5,5-d7.
To validate the method, linearity, precision studies and assessment of matrix effect
were performed.

Linearity studies
Linearity studies are performed to ensure that quantification of the compound of
interest is accurate. In the case of saturation of detectors for example, linearity is not
observed anymore and the sample needs to be diluted to obtain a signal, which is in
the range of linearity.
The linearity of the response of the LC-MS/MS using the mobile phase described in
Section 4.2.2 was investigated. Amino acids were prepared at a concentration of 0
to 500 µM in methanol with 13 intermediary points: 0, 0.1, 0.2, 0.5, 1, 2, 5, 10, 20, 50,
100, 200, 500 μM. This range was chosen to cover the expected concentrations of
the amino acids of interest in wild-type and AslNeo/Neo mice. Linear standard curves
were obtained over this range for every compound with r2 > 0.99 for all amino acids
except L-glutamine (r2 > 0.98) (Table 17). For this compound, linearity was achieved
between 0 to 200 μM before reaching a plateau suggesting saturation of the detector
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(Figure 48). Therefore every sample analysed was run twice, undiluted for
quantification of all amino acids except glutamine and after 1:10 dilution in methanol
for accurate measurement of glutamine.

Regresssion parameters
Arginine
Citrulline
Glutamate
Glutamine
Ornithine
Argininosuccinic acid
Argininosuccinic acid anhydrides

Slope
0.3728
0.6087
2.5111
0.4118
1.5327
2.2607
0.2573

Table 17. Linearity parameters for each analyte
Compounds were diluted in methanol.
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X-intercept
-0.0938
-0.0794
-0.3541
1.1826
0.0222
-0.2273
0.0999

r2
0.9960
0.9983
0.9959
0.8682
0.9951
0.9979
0.9979

Analyte / internal
PAR standard ra?o

Analyte / internal
PAR standard ra?o
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Figure 48. Calibration curves of urea cycle amino acids
Three different calibration curves in methanol per analyte are presented on the same
graph for each analyte. Arginine, citrulline, glutamate, ornithine, and argininosuccinic
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acid and argininosuccinic acid anhydrides were shown to be linear between 0 to 500
µM and glutamine from 0 to 200 µM. Slope and X-intercept are calculated after
plotting the mean values for each intermediary point.

Precision studies
Precision studies were performed according to international guidelines (International
conference on Harmonisation, Harmonised Tripartite Guideline, Validation of
analytical procedures: text and methodology Q2(R1). 1994). These guidelines are
available

at

http://www.ich.org/fileadmin/Public_Web_Site/ICH_Products/Guidelines/Quality/Q2_
R1/Step4/Q2_R1_Guideline.pdf). Precision studies were adapted from Wang et al
(409) and performed with whole blood spiked onto a Guthrie card with 3 different
known concentrations for each amino acid of interest: low (50 μM), medium (300 μM)
and high (1,500 μM). Unspiked blood from the same person taken at the same time
was spotted onto a Guthrie card to measure the endogenous concentrations of
amino acids. Studies included:
i) Intrabatch coefficient of variance (CV). This was measured in 10 samples run on
the same day. The coefficient of variance was calculated as follow: CV (%) =
(standard deviation / mean) x 100.
ii) Interbatch coefficient of variance. This was calculated from 5 measurements of the
same sample analysed on different days with a minimum of a week interval between
2 repetitive analyses.
iii) Recovery studies. Ten samples were run on the same day and the recovery study
was calculated for each amino acid of interest at the low, medium and high
concentration spiked.
Recovery (%) = (Measured concentration – endogenous concentration / theoretical
concentration of spiked analyte) x 100.
Results are presented in Table 18. Intra and interbatch coefficients of variances were
all below 10% except for argininosuccinic acid where higher values were seen.
Precision in measurement of argininosuccinic acid showed values below 10% for
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intrabatch coefficient of variation (also called within-run precision) but higher values
for interbatch coefficient of variation (also called between-run precision). At medium
and high concentrations of argininosuccinic acid (300 and 1500 μM, respectively),
interbatch coefficient of variation was below 15%, which is acceptable for assays
used for method development of investigational medicinal products for the European
Medicines Agency (411) and Food and Drug Administration (412). However at low
concentration (50 µM), the value was 27%, which is similar to values published (9 to
22%) for urea cycle amino acids in some other dried blood spot studies (402, 413).

Amino acid amound
added to whole blood
Parameter tested
Arginine
Citrulline
Glutamate
Glutamine
Ornithine
Argininosuccinic
acid and anhydrides

50 µM

300 µM

1500 µM

Recovery Intrabatch Interbatch Recovery Intrabatch Interbatch
(%)
CV (%)
CV (%)
(%)
CV (%)
CV (%)

Recovery Intrabatch Interbatch
(%)
CV (%)
CV (%)

99
104
101
99
99

5
2
2
1
5

5
9
6
0
3

98
116
107
99
101

2
3
2
2
3

4
2
2
2
2

97
106
102
96
99

6
7
4
2
3

5
3
4
1
3

74

9

27

110

3

14

103

0

12

Table 18. Recovery, intra- and inter-batch coefficient of variations for each
analyte
Three different concentrations were measured: low 50 μM, medium 300 μM and high
1500 μM. Amino acids were spiked onto a Guthrie card. CV: coefficient of variance.

iv) Limits of detection and quantification. 5 standard curves were run on the same
day for each analyte. Two different methods of calculation were used (414), based
on:
a) signal-to-noise ratio calculating the standard deviation of the calibration curve
(STN method). This method is based on comparison of signals from samples of a
known concentration with the blank (i.e noise). The recommended signal-to-noise
ratio for detection and quantitation are 3:1 and 10:1, respectively.
b) the standard deviation, the response and the slope, based on calculation of the
standard deviation of the intercept and slope (SD method). The 5 lowest
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concentrations of the standard curve excluding the blank sample were used for
calculation (range of 0.1 to 2 µM).

The limit of detection (LOD) is the lowest analyte concentration that can be
distinguished reliably from a blank sample and was calculated as follows:
STN method: LOD = 3 x standard deviation of low concentrations / slope of the
calibration curve
SD method: LOD = 3 x standard deviation of X-intercept / slope of the calibration
curve

The limit of quantitation (LOQ) is the lowest analyte concentration that can be
determined quantitatively with suitable precision and accuracy.
STN method: LOQ = 10 x standard deviation of low concentrations / slope of the
calibration curve
SD method: LOQ = 10 x standard deviation of X-intercept / slope of the calibration
curve

Limits of detection and quantitation for the amino acids of interest are presented in
Table 19.
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Parameters tested
Method of calculation
Arginine
Citrulline
Glutamate
Glutamine
Ornithine
Argininosuccinic acid
Argininosuccinic acid anhydrides

Limit of detection
STN
SD
2.70
0.39
1.75
0.24
2.67
0.37
16.41
2.32
2.93
0.41
1.96
0.28
1.96
0.28

Limit of quantification
STN
SD
8.99
1.30
5.82
0.81
8.88
1.23
54.70
7.74
9.76
1.35
6.52
0.93
6.53
0.93

Table 19. Limits of detection and quantification for each analyte
Two methods were used: standard deviation of the calibration curve (STN) and
standard deviation of the intercept and slope (SD).

Matrix effect
Other compounds co-eluting with the analytes of interest can have a matrix effect,
also called ion suppression. If this occurs this “environment” might modify the
ionisation and interactions between biochemicals, the matrix itself and analytes. A
complex matrix like blood contains many biological compounds, which might
interfere. Therefore it is important to ensure that the retention times of the analytes of
interest are in regions of the chromatogram with little or no matrix ion suppression
(401).
In this case, the matrix is the whole blood spiked on the Guthrie card. If the matrix
contains ions with identical m/z transitions eluting at the same time as the molecule
of interest, ion suppression can occur with competitive inhibition in the detector. For
each amino acid, 2 standard curves with 11 different concentrations from 0.1 to 200
µM were run; i) in methanol and ii) mixed with whole blood and spiked on Guthrie
cards.
The matrix effect was calculated as published previously (415):
Matrix effect (%) = ((peak area of the amino acid spiked in the DBS – peak area of
the endogenous amino acid) / peak area of the amino acid in methanol) x 100.
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Matrix effects were negligible for L-arginine (85%), L-citrulline (98%), L-ornithine
(104%) and L-glutamate (93%). The matrix effects however were particularly marked
with regard to L-glutamine (205%) and argininosuccinate (33%) with potentiation and
ion suppression, retrospectively (Figure 49). Although an important matrix effect was
observed with argininosuccinate and L-glutamine, recovery experiments indicated
that the internal standard dilution method was able to compensate for these matrix
effects (415). However as L-citrulline is structurally different compared to
argininosuccinic acid and its anhydrides and is eluted at a different time, this could
affect the precision and explain partly why the matrix effect is higher for
argininosuccinic acid and its derivatives. Another publication had previously used an
internal standard derived from Lysine (401).
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MATRIX EFFECT:
L-Arginine LINEARITY
STUDIES IN DBS
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Figure 49. Study of impact of matrix effect for each analyte
Standard curves are run in methanol (blue) and spiked in blood then spotted onto a
Guthrie card (red), respectively.
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4.3 Development of an LC-MS/MS based assay to measure
ASL enzyme activity

4.3.1

Previous

published

assays

described

for

assessing

argininosuccinate lyase activity
Argininosuccinate lyase catalyses the transformation of argininosuccinic acid into Larginine and fumarate (Figure 50). Several methods have been described previously
for the analysis of the activity of argininosuccinate lyase (ASL):
i) Direct forward reaction: study of conversion of argininosuccinic acid into fumarate
and L-arginine using fluorometric detection of fumarate or using a combined assay
with fluorometric detection of urea (85).
ii) Direct reverse reaction: quantification of labelled 14C-argininosuccinic acid
formation after incubation of L-arginine with labelled 14C-fumarate (105) or 13C-LGlutamine (106).
Although these methods are published and validated, mass spectrometry is an
alternative technology, which offers the advantages of being able to assess enzyme
activity in minimal tissue samples. LC-MS/MS methods were therefore developed to
enable us to accurately measure ASL activity in the small amounts of tissue that
were available.

L-Citrulline
+
Aspartate

ASL

ASS
Argininosuccinic acid

L-Arginine
+
Fumarate

Arginase

Urea
+
L-Ornithine

Figure 50. . Steps of the urea cycle measured previously in order to assess
argininosuccinate lyase activity
ASS : Argininosuccinate synthase ; ASL : Argininosuccinate lyase.
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4.3.2 Development and optimisation of argininosuccinate lyse
activity assay

Organs were perfused at culling then stored as described in Section 2.7.1. Proteins
were extracted from each sample as described in Section 2.14.6.
The conditions used for the enzyme assay were similar to those described previously
by Bush et al (416) and described in Section 10.2.26. All reactions were performed
in a final volume of 100 µL with a known amount of protein. Internal standards LArginine-13C and L-Citrulline-2,3,3,4,4,5,5-d7 were added to the buffer at a final
concentration of 2 nM. Samples were prepared on ice prior to the assay, which was
performed in a water bath at 37°C. The reaction was stopped by the addition of a 4:1
ratio of methanol. Samples were then centrifuged immediately at 16,000 g for 2
minutes and the supernatant analysed by LC-MS/MS as described above in Section
4.2.

Direct forward reaction using D7-citrulline as a substrate
Deuterated argininosuccinic acid is not commercially available therefore the use of a
direct forward coupled reaction was initially investigated using L-Citrulline2,3,3,4,4,5,5-d7 as a substrate, and monitoring the formation of deuterated arginine
(Figures 50 & 51). L-Citrulline-2,3,3,4,4,5,5-d7 was added to the initial buffer at a
final concentration of 5 mM. Transitions for d7-, d6-, d5- argininosuccinic acid, the
argininosuccinic acid anhydrides, arginine and ornithine derivatives as shown in
Figure 51 were monitored.
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L-Citrulline (175)

D7-citrulline (182)

Daughter ion
of Citrulline (69)

Daughter ion of
D7-citrulline (74)

D7-Argininosuccinic acid (297)

Argininosuccinic acid (290)

Daughter ion of
D7-argininosuccinic acid
(74 or 75)

Daughter ion of
argininosuccinic acid (69)

(

Arginine (174)

)

D7-arginine (181)

Daughter ion of
arginine (69)

Daughter ion of
D7-arginine
(73, 74 or 75)

(

(

)

)

Figure 51. Structures monitored during ASL assay when D7-citrulline used
as a substrate.
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The molecular weight of each molecule is indicated in brackets. Deuterated
hydrogens are labelled with an orange asterisk. If the conservation of the deuterated
form is uncertain from the predictive biochemistry of the reaction, this asterisk is in
brackets. Multiple reaction monitoring was performed in positive ion mode, hence the
ions monitored by LC-MS/MS are one supplementary unit greater than the
corresponding masses depicted. m/z transitions monitored for D7-citrulline were
183>75, for D7-argininosuccinic acid 298>75 and 298>76, for D7-arginine 182>74,
182>75 and 182>76.

20 µg of liver protein extract was incubated over a 2-hour period in preliminary
experiments. Under these conditions no significant increase in any of the
argininosuccinic acid intermediates was observed. D7-arginine and D7-ornithine
products were detected but these were not proportional compared to the clearance of
D7-citrulline observed. It is likely that they were converted into other molecules that
were not monitored. Surprisingly, upon analysis, it appeared that some D7-arginine
was detected at the start of the incubation period however upon closer examination
this was shown to have a different retention time to that expected and indeed this
was shown to correspond to that of D7-citrulline (Figure 52). The mass of the
precursor ions for D7-arginine and D7-citrulline only differ by 1 mass unit and these
compounds have daughter ions with the same mass. It is likely at the concentrations
of D7-citrulline used, that there is a small amount of cross-talk between channels
which would explain this finding. Because of these troubleshooting findings, it was
decided to consider a direct forward ASL reaction using argininosuccinic acid as a
substrate.
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D7-Citrulline
D7-Argininosuccinic acid
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D7-Arginine

30

D7-Ornithine
D7-Arginine+D7-Ornithine

20
10
0
0

60
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Time (minutes)

Figure 52. Urea cycle amino acids synthesised during the ASL assay when
D7-citrulline was used as a substrate
20 µg of liver protein extract from a wild-type mouse were incubated over a 2-hour
incubation period in a buffer containing 5 mM of D7-citrulline. The products of the
reaction were analysed by LC-MS/MS.

Direct forward reaction using argininosuccinate as a substrate
Preliminary experiments using unlabelled argininosuccinic acid as the substrate for
the ASL assay were also performed. Argininosuccinic acid was added to the reaction
buffer in excess, at a final concentration of 10 mM and incubated with 20 µg of liver
protein extract for 60 minutes. A 70% increase in the amount of arginine was
observed relative to the endogenous arginine present at time 0. Different parameters
were then optimised, monitoring both argininosuccinic acid clearance and arginine
production. Preliminary experiments with a limited number of samples were initially
undertaken (Figure 53). Then the method was further optimised with various time
points tested as shown in Figure 54.
i) The effect of increasing the liver protein concentration (from 20 to 1,500 µg) on
ASL enzyme activity was studied in the presence of 10 mM argininosuccinic acid
(Figure 53A). 150 µg was identified as the minimal amount of liver protein extract,
which would allow measurable production of arginine. Due to argininosuccinic acid
being present in excess, no decrease of argininosuccinic acid was observed.
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ii) 150 µg of liver extract was incubated with various concentrations of
argininosuccinic acid (ranging from 0.1 to 10 mM) and arginine production and
argininosuccinic acid clearance was quantified (Figures 53B and 53C, respectively).
At concentrations of 1 and 10 mM argininosuccinic acid, arginine production was
detectable however accurate quantification of argininosuccinic acid clearance was
only achievable at the lower concentration of 1 mM. At lower concentrations (0.1 and
0.2 mM), argininosuccinic acid clearance was observed but the limited signal
detected made the precision of the quantification difficult.
Subsequent exploratory experiments investigating liver ASL activity in wild-type and
AslNeo/Neo mice incubated 150 µg of liver lysate with 1 mM argininosuccinic acid for 2
hours. There was a marked difference in both L-arginine production (2.8 versus 0.3
pmol/µg proteins/minute for wild-type and AslNeo/Neo mice, respectively) and
argininosuccinic acid clearance (12 versus 2.4 pmol/µg proteins/minute for wild-type
and AslNeo/Neo mice, respectively) (Figures 53D and 53E, respectively).
iii) Because the clearance of argininosuccinic acid and its anhydrides was 30-fold
higher than arginine production in wild-type samples, it was hypothesised that
arginine was being rapidly metabolised to ornithine or nitric oxide by arginase or nitric
oxide synthase, respectively (Figure 53F). To prevent any conversion of L-arginine
that was being produced, (2S)-(+)-amino-5-iodoacetamidopentanoic acid (AIPA)
(Enzo Life Sciences, Farmingdale, NY, USA), an arginase inhibitor, was added at 0.1
mM and 1 mM as described previously (417) (Figure 53G). Adding AIPA did not
result in increased concentrations of L-arginine at either the recommended or higher
concentration (0.1 mM and 1 mM, respectively). No inhibitor of nitric oxide synthase
was tested. It was therefore decided to assess argininosuccinate lyase activity based
on argininosuccinic acid clearance rather than arginine synthesis.
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Figure 53. Development of argininosuccinate lyase enzyme assay
(A) L-arginine synthesis after incubation of different amounts of wild-type mouse liver
lysate in the presence of 10 mM argininosuccinic acid; (B) arginine synthesis and (C)
argininosuccinic acid clearance when wild-type liver lysate is incubated with various
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argininosuccinic concentrations (0.1 to 10 mM). (D) L-arginine synthesis and (E)
argininosuccinic acid clearance in wild-type and AslNeo/Neo mice after incubation of
150 µg of proteins from liver lysate with 1 mM argininosuccinic acid. (F) Comparison
of argininocsuccinic acid clearance and arginine synthesis after incubation of 150 µg
of proteins from liver lysate of wild-type mouse liver lysate with 1 mM
argininosuccinic acid. (G) Argininosuccinic acid clearance and arginine and ornithine
synthesis after incubation of 150 µg of proteins from liver lysate of wild-type mouse
liver lysate with 1 mM argininosuccinic acid in the presence of arginase inhibitor (1
mM (2S)-(+)-Amino-5-iodoacetamidopentanoic acid (AIPA)).

In some cases, especially in young AslNeo/Neo mice, we were not able to obtain 150 µg
of proteins from liver lysate per mouse. Previous published methods assessing
argininosuccinate lyase have used 20 µg of protein (85). Hence additional
experiments were performed to ascertain whether it was possible to accurately
quantify the clearance of argininosuccinic acid by LC-MS/MS when incubations were
performed using this lower protein concentration in the presence of a reduced
concentration of argininosuccinic acid (0.5 mM).
Additional modifications considered included the removal of KCl, MgCl2 and
aspartate from the enzyme buffer, which are essential for argininosuccinate synthase
activity and therefore for a coupled assay but are not necessary for ASL activity as
shown previously (85, 416, 418). The simplified buffer didn’t show any difference in
ASL activity in the samples tested.
The disappearance of argininosuccinic acid was measured under these conditions
and was found to be linear for the first 2 hours of the reaction (Figure 54). Internal
standards (0.02 nM D7-citrulline and 0.02 nM L-Arginine-13C) were added to the
incubation buffer at the start of the assay. Under the conditions of the assay used, no
conversion of the internal standards was observed, enabling them to be used to
accurately quantify ASL activity.
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argininosuccinic acid
20 µg of proteins from liver lysate of a wild-type mouse was incubated with 0.5 mM
argininosuccinic acid. The black line shows that ASL activity assessed by
argininosuccinic acid clearance was linear for the first 2 hours.

The final protocol used for investigating argininosuccinate lyase activity in mouse
liver samples was as follows: samples were analysed in duplicate. 20 µg of lysate
was incubated in a buffer solution of 10 mM Tris, pH 7.45 containing 0.5 mM
argininosuccinic acid, 0.02 nM D7-citrulline and 0.02 nM L-Arginine-13C, in a final
volume of 100 µL for 2 hours at 37°C. The reaction was stopped by adding 400 µL of
methanol. Samples were then centrifuged immediately at 16,000 g for 2 minutes and
the supernatant analysed by LC-MS/MS (as described in Section 2.14.7). Enzyme
activity was expressed as argininosuccinic acid clearance per amount of protein per
minute. Results showed a significant decrease of argininosuccinate lyase activity in 2
month-old AslNeo/Neo mice compared to wild-type littermates with 13.5% residual
activity of wild type samples being observed (Two-tailed unpaired t-test, p<0.0001)
(Figure 55A). This was confirmed in a larger experiment assessing the liver
phenotype and presented in Section 5.2.4.
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A similar protocol was used to investigate argininosuccinate lyase activity in brain
extracts. As the amount of protein extract is much lower of that observed in liver,
argininosuccinic acid concentrations were reduced to allow adequate sensitivity.
Duplicate samples containing 80 µg of brain lysate were incubated in a 10 mM Tris,
pH 7.45 buffer containing 30 µM argininosuccinic acid, 0.02 nM D7-citrulline and
0.02 nM L-Arginine-13C for 2 hours at 37°C (see Section 2.14.7). Results showed a
significant decrease in argininosuccinate lyase activity in AslNeo/Neo mice compared to
wild-type mice with 16% residual activity of wild-type samples being evident (Twotailed unpaired t-test, p=0.02) (Figure 55B).
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B
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ASL activity (nmol/ng/min)

A
400
300
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300
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Figure 55. Argininosuccinate lyase activity in liver and brain samples from
AslNeo/Neo and wild-type mice
Argininosuccinate lyase activity in (A) liver and (B) brain samples from 12 month-old
sex-matched AslNeo/Neo and wild-type mice. Horizontal lines display the mean ±
standard deviation. Two-tailed unpaired t-test, * p<0.05, *** p<0.001; n=4-7.
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4.4 Discussion

This chapter describes the development of a liquid chromatography-tandem mass
spectrometry (LC-MS/MS) method to accurately phenotype and monitor efficacy of
the gene therapy protocol described in Chapter 7. This technology is routinely used
for newborn screening and can screen various compounds in very limited volumes of
biological fluids (404). The method did not involve derivatisation and was capable of
detecting the amino acids involved in the urea cycle (L-ornithine, L-citrulline,
argininosuccinic acid, L-arginine) as well as being able to monitor the physiological
buffering pathway in case of hyperammonaemia (L-glutamine, L-glutamate) (Section
4.2.4). This method was adapted from Piraud et al (401) and showed superiority
compared to the initial derivatisation protocol tested with FMOC for detection of
argininosuccinic acid (Section 4.2). Methods that do not involve derivatisation have
been reported to be more precise for the analysis of amino acids of the urea cycle y
(402). Another advantage of non-derivatisation is the decreased time involved in
sample preparation.
The liquid chromatography gradient used 3.7% acetic acid as used previously to
detect carboxylic acid derivatives of vitamin B6 (403). The method showed good
linearity over the physiological range of analytes expected (Section 4.2.4).
Using this method, we had sufficient sensitivity to analyse the urea cycle amino acids
in dried blood spots, which was preferable to plasma collection simplifying animal
sampling. With the method developed, a 3.2 mm punch, which corresponds to 3.4 µL
of blood (404), was a sufficient volume for appropriate testing. Plasma collection,
which requires an initial centrifugation step to remove erythrocytes, thereby reducing
the amount of volume available for analysis, would have been very unlikely to have
achieved similar results with the volumes available. Hyperammonaemic AslNeo/Neo
mice have a phenotype with restricted growth (32), which makes the sampling harder
and the animal more fragile in case of repeated blood collections. Hence, dried blood
spots were considered the method of choice for this application. The extraction of the
amino acids of interest from dried blood spots was optimised. The precision and
reproducibility of the method, including extraction and analysis, showed an excellent
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intrabatch (within-day) reproducibility for all compounds and a satisfactory interbatch
(between-days) reproducibility for all of the compounds analysed with the exception
of argininosuccinic aciduria when present at low concentrations (50 µM). However
this remained within acceptable values published for dried blood spot analysis (402)
and indeed the range of argininosuccinic acid observed in untreated AslNeo/Neo mice
was greater than this lower concentration with a range of 120 to 180 µM of being
observed (Section 4.2.4).
No matrix effect was observed with L-ornithine, L-citrulline, L-arginine and Lglutamate. Ion suppression and potentiation were observed with argininosuccinic
acid and L-glutamine, respectively. However quantification using internal standards
was able to correct for this matrix effect. Performance of the method was validated
with regards to linearity observed over the physiological range expected, precision
and recovery and was shown to have sufficient sensitivity to accurately measure
analytes in the low nanomolar range.
No deuterated argininosuccinic acid is commercially available as internal standard.
The use of a «secondary» internal standard as D7-citrulline, which has different
biochemical properties and retention time for the quantification of argininosuccinic
acid, may explain the variability observed in the method development i.e. higher
interbatch reproducibility compared to other amino acids measured and matrix effect
with ion suppression.
The method developed to measure argininosuccinate lyase activity was adapted from
that of Nagamani et al (85) and monitors the conversion of the substrate
argininosuccinic acid to arginine. This assay was optimised for liver and brain
samples. Results showed a residual activity in AslNeo/Neo mice compared to wild type
of 13.5% and 16%, respectively which is in accordance with the 14.5% liver residual
activity reported in Erez et al (32). This is further discussed in Chapter 5.
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4.5 Conclusion
Liquid chromatography-tandem mass spectrometry allows the quantification of
biochemicals in reduced amounts of tissue or small volumes of biological fluids in a
reproducible and accurate way. A method was developed to measure amino acids
involved in the urea cycle in dried blood spots, an easy form of sampling in potentially
sick small animal models. This method was robust with regards to linearity and
precision. A reliable enzymatic assay for argininosuccinate lyase was developed in
liver and brain tissues. These tools will enable precise phenotyping of the animal
model and aid in monitoring the efficacy of any therapeutic intervention.
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5. PHENOTYPING OF AslNeo/Neo MICE

5.1 Introduction

This thesis project aims to develop a new therapeutic strategy for argininosuccinic
aciduria based on gene therapy.
For this, a hypomorphic mouse model AslNeo/Neo recapitulating the human disease
has been described by Erez et al in 2011 (32). The insertion of a neomycin cassette
in the 9th intron of the murine Asl gene reduces messenger RNA and protein
expression by 25% and ASL enzymatic activity is reduced to 16% of wild-type ASL
activity (32). This leads to a multi-organ disease with impaired growth, abnormal fur
pattern, raised transaminases, impaired renal function, high blood pressure,
hyperammonaemia, systemic nitric oxide deficiency and early death within the first
month of life (32). This animal model was chosen for its relevance to the human
disease and the milder phenotype compared to knockout models where the severity
of the hyperammonaemic disease causes a death within 48 hours after birth (146).
This milder presentation allows to better study the phenotype and the
pathophysiology associated with nitric oxide deficiency, especially in the brain.
Once the AslNeo/Neo breeding colony had been established, the neurological and
systemic phenotype was characterised. This has been an essential preliminary step
to define the best parameters to assess the efficacy of gene therapy. Specific
attention was paid to the neurological phenotype, which had not been described
before.
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5.2 Systemic phenotype
5.2.1 Macroscopic phenotype

Survival
AslNeo/Neo mice showed a reduced survival compared to wild-types and heterozygotes
with 75% of them dying between day 15 and day 25 around the weaning period (Log
Log rank test, p<0.001) (Figure 56).
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Figure 56. Survival of wild-type, heterozygote and AslNeo/Neo mice
Kaplan-Meyer survival curve of wild-type n=19; heterozygote n=16; AslNeo/Neo n=18.

Growth
AslNeo/Neo mice display impaired growth, which becomes obvious within the first 10
days of life and is sustained until at least 9 months of age (Figure 57A). The growth
velocity shows an initial increase during the first 2 weeks followed by a decrease
corresponding to the time of weaning then a second higher increase lasting for a
further 2 weeks. Subsequently, the growth velocity remains parallel to baseline. This
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physiological profile is observed in both wild-type and heterozygote mice. In AslNeo/Neo
mice, these 2 peaks are much reduced and delayed to the second and fifth weeks,
respectively (Figure 57B).

Wild-type

Weight (grams)

A

AslNeo/Neo

Heterozygote

60

40

20

0
1

14

42

77

112

270

Days

B

1.0

Growth velocity
(gram/day)

0.8
0.6
0.4
0.2
0.0
-0.2

7

14 21 35 49 63

100

300

Days
Figure 57. Growth and growth velocity of wild-type, heterozygote and
AslNeo/Neo mice
(A) Weight (grams) over the first 9 months of life. (B) Growth velocity. Horizontal
lines display the mean ± standard deviation. Unpaired 2-tailed Student’s t-test
** p<0.01. Wild-type n=5; Heterozygote n=11; AslNeo/Neo n=5.
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Fur pattern
AslNeo/Neo mice present with an abnormal fur pattern with brittle and sparse hair
(Figure 58). This feature, persists into adulthood (Figure 59). Compared to wild-type
fur, microscopic examination of AslNeo/Neo hair shows pili torti (twisted hair) and
monilethrix aspects (beaded appearance) (Figure 60).

Figure 58. Macroscopic phenotype of AslNeo/Neo and wild-type mice during
the first 3 weeks of life
Pictures taken at (A) day 3, (B) day 8, (C) day 12, (D) day 15 and day 21 of life. The
asterisk indicates the AslNeo/Neo mouse. Scale bars are (A, B) 0.5 cm, (C) 1 cm, (D)
1.5 cm and (E) 2 cm.
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Figure 59. Long-term fur pattern in a 3 month-old surviving AslNeo/Neo
mouse
(A) Face, and (B) body aspects of the AslNeo/Neo mouse are compared to (C) wild-type
mouse. Scale bars (A, B) 0.5 cm and (C) 1 cm.
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Figure 60. Microscopic examination of AslNeo/Neo and wild-type mice hair
Hair (A) and tip (B) of wild-type mouse. Pili torti hair (C, D) and tip (E) of AslNeo/Neo
mouse. Hair of wild-type (F) and AslNeo/Neo (G-I) mice with monilethrix (G) and pili torti
(H, I). Scale bars: (A-E) 500 µm; (F-I) 125 µm; n=3.
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5.2.3 Blood and urine biomarkers

General biochemistry

Biochemical parameters were compared in plasma of 2 month-old sex-matched
wild-type, heterozygote and AslNeo/Neo mice using one-way ANOVA with Dunnett’s
post-test (Figure 61). There was a significant increase in blood alanine
aminotransferase (ALT) in AslNeo/Neo mice compared to wild-type and heterozygote
mice (Figure 61A; p<0.01 and p<0.001, respectively). No other tested liver
parameters (aspartate aminotransferase (AST), gamma glutamyltranspeptidase
(GGT), alkaline phosphatase, albuminaemia) were found to be significantly different
(Figures 61B-E); notably there was no evidence of cholestasis. Creatinine
concentrations were elevated in AslNeo/Neo mice compared to that of wild type and
heterozygote mice, respectively (Figure 61G; p<0.01 and p<0.001, respectively).
Uremia and kalaemia did not differ (Figures 61F & 61H). Total bilirubinaemia was
below the limit of quantification in all groups.
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Figure 61. General biochemistry parameters in plasma of wild-type,
heterozygote and AslNeo/Neo mice
(A) Alanine aminotransferase (ALT), (B) aspartate aminotransferase (AST), (C)
gamma-glutamyl transpeptidase (GGT), (D) alkaline phosphatase, (E) albuminaemia,
(F) uremia, (G) creatininemia and (H) kalaemia were tested in 2 month-old sexmatched wild-type, heterozygote and AslNeo/Neo mice; Horizontal lines display the
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mean ± standard deviation. One-way ANOVA with Dunnett’s post-test compared to
AslNeo/Neo mice; * p<0.05; *** p<0.001, ns not significant; n=8-9.

Urea cycle-related biomarkers
Clinical parameters used to assess the urea cycle function were compared in 2
months-old sex-matched wild type, heterozygote and AslNeo/Neo mice using one-way
ANOVA with Dunnett’s post-test compared to AslNeo/Neo mice (Figure 62). Various
parameters were significantly modified in AslNeo/Neo mice compared to wild-type and
heterozygote mice: increased plasma ammonia levels (Figure 62A; p<0.001 and
p<0.001, respectively), increased orotic aciduria (Figure 62B; p<0.001 and p<0.001,
respectively). In dried blood spots of AslNeo/Neo mice, the following amino acids were
compared to wild-type and heterozygote mice: glutamine and glutamate were
increased (Figure 62C; p<0.001 and p<0.01, respectively), decreased arginine in
dried blood spots (Figure 62D; p<0.001 and p<0.05, respectively), citrulline was
increased (Figure 62E; p<0.001 and p<0.001, respectively), argininosuccinic acid
was increased (Figure 62F; p<0.001 and p<0.001, respectively). Similarly urinary
argininosuccinic acid was increased in AslNeo/Neo mice compared to wild-type and
heterozygote mice (Figure 62G; p<0.05 and not significant, respectively) although
ornithine in dried blood spots, plasma creatine and guanidinoacetate were not
modified between genotypes (Figure 62H, 62I & 62J, respectively).
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Figure 62. Urea cycle-related biomarkers tested in wild-type, heterozygote
and AslNeo/Neo mice
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(A) Plasma ammonia, (B) orotic aciduria, (C) glutamine and glutamate, (D) arginine,
(E) citrulline, (F) ornithine, (G) argininosuccinic acid in dried blood spots (C-G), (H)
urinary argininosuccinic acid, (I) plasma creatine and (J) plasma guanidinoacetate
were examined in 2 month-old sex-matched wild-type, heterozygote and AslNeo/Neo
mice. Horizontal lines display the mean ± standard deviation. One-way ANOVA with
Dunnett’s post-test compared to AslNeo/Neo mice; * p<0.05; *** p<0.001, ns not
significant; n=3-8.

5.2.4 Liver phenotype
The liver expresses all of the enzymes of the urea cycle and is one of the main
organs involved in the pathophysiology of argininosuccinic aciduria.
Comparison of the macroscopic observation of livers from AslNeo/Neo mice with those
of wild-type mice showed an enlarged liver with a loss of the physiological brown
colour normally observed (Figure 63A). Although AslNeo/Neo mice have impaired
growth and a reduced body weight compared to wild-type mice, their liver weight at 6
weeks was heavier with a significantly increased liver/body weight ratio (Figure 63B;
Two-tailed unpaired t-test, p<0.0001).
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Figure 63. Hepatomegaly in AslNeo/Neo mice compared to wild-type mice
Experiment performed in 6 week-old sex-matched mice. Horizontal line displays the
mean ± standard deviation. Two-tailed unpaired t-test, *** p<0.0001; n=22-28.
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Histopathology was performed to better understand the suspected liver disease, as
suggested by elevated plasma alanine aminotransferase (ALT) and hepatomegaly.
Various stainings were performed in 10 month-old wild-type and AslNeo/Neo mice to
capture features of the liver disease, which might be progressive and would not be
obvious in examination of young animals (Figure 64):
i) Haematoxylin & eosin (H&E) staining (described in Section 2.7.9) revealed
unstained large cytoplasmic vacuoles in hepatocytes of AslNeo/Neomice.
ii) These vacuoles were stained with periodic acid-Schiff staining (PAS) (described in
Section 2.7.10). This staining, specific for polysaccharides, demonstrated glycogen
deposits.
iii) No sign of fibrosis was observed with Masson trichrome staining, a staining used
to assess connective tissue and fibrosis (described in Section 2.7.11).
iv) A negative Oil red O staining (ORO) staining, a staining used to identify lipid
deposits (described in Section 2.7.12) did not support a steatosis in these samples.
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Figure 64. Liver stainings highlight increased glycogen deposits in
AslNeo/Neo mice compared to wild-type mice
Representative images after staining with Haematoxylin & eosin (H&E), Masson
trichrome, periodic acid-Schiff (PAS) and Oil red O (ORO) with vacuolar cytoplasmic
deposits of glycogen in liver of 10 month-old wild-type and AslNeo/Neo mice. Scale bars
of low and high magnification (Mag): 500 and 125 μm respectively; mice per group,
n=3. WT Wild-type.

Murine argininosuccinate lyase (ASL) staining (described in Section 2.7.6) was
studied in liver, skeletal muscle, heart, and kidney as these organs can be involved
with the clinical phenotype of the disease in humans. The four organs showed
reduced staining demonstrating the decreased amounts of murine argininosuccinate
lyase in 3 month-old AslNeo/Neo mice (Figure 65).
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Figure 65. Argininosuccinate lyase immunostaining in liver, skeletal
muscle, heart and kidney in AslNeo/Neo and wild-type mice
Representative images of argininosuccinate lyase immunostaining in various
peripheral organs highlight the reduced staining of ASL in 3 month-old AslNeo/Neo
compared to age-matched wild-type mice. Scale bars of low and high magnification:
500 and 125 μm respectively; mice per group, n=3. WT: Wild-type.

Compared to 3 month-old wild-type mice (Figures 66A, 66D), electron microscopy of
hepatocytes of age-matched AslNeo/Neo mice (method described in Section 2.8)
showed an excess of glycogen identified as discrete circular granules (Figures 66B,
66E) (419, 420). Some lipid droplets were present indicating steatosis (Figures 66C,
66F), which could not be detected by Oil red O staining (Figure 65). Clusters of
cytoplasmic vesicles with an appearance of crystallised content were observed
(Figures 66G-I). These observations were secondarily confirmed by the expertise of
Dr Glenn Anderson, electron microscopist at Great Ormond Street Hospital, London.
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Figure 66. Electron microscopy of liver samples from AslNeo/Neo and wildtype mice
Liver samples from (A, D) wild-type and (B, C, E-I) AslNeo/Neo mice. Scale bars (A-C,
G): 5 μm, (D-F, H): 2 μm, (I): 1 μm, respectively; n=3. (B, E) Pink arrows identify
excess of glycogen; (C, F) Blue arrows identify lipid droplets; (G, I) Brown arrows
identify cytoplasmic vesicles.

The amount of murine argininosuccinate lyase (mASL) present in liver extracts of
AslNeo/Neo and wild-type mice was assessed by western blotting (described in Section
2.9). A ratio with glyceraldehyde-3-phosphate dehydrogenase (GAPDH), which was
used as a reference protein, showed that the ASL/GAPDH ratio in AslNeo/Neo liver
(n=3) was 10% of wild-type levels (n=2) (Figure 67).
ASL activity in AslNeo/Neo mice (described in Section 4.3) was 13.5% of wild-type
activity (Figure 68; Two-tailed unpaired t-test, p<0.0001).
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Figure 67. Western blot and densitogram of murine argininosuccinate lyase
present in liver extracts of AslNeo/Neo and wild-type mice
ASL: argininosuccinate lyase; GAPDH: glyceraldehyde-3-phosphate dehydrogenase;
WT: wild type. The band intensities were quantified using the densitometry function
of Fiji (Fiji is just Image J) software (325)
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Figure 68. Argininosuccinate lyase activity in livers from 6 month-old
AslNeo/Neo and wild-type mice
Horizontal lines display the mean ± standard deviation. Two-tailed unpaired t-test, ***
p<0.0001; n=4. WT: wild type.
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Nitrite/nitrate levels (described in Section 2.6.3) were found to be decreased in liver
samples from AslNeo/Neo compared to wild-type mice (Figure 69A; Two-tailed
unpaired t-test, p=0.03). Reduced glutathione levels in liver were also reduced

Nitrate + Nitrite (µM)

A

B

*
300

200

100

0

WT

Asl

Neo/Neo

Reduced glutathione (µM) / mg prot

(Figure 69B; Two-tailed unpaired t-test, p=0.03).

*

300

200

100

0

WT

Untr

Figure 69. Liver nitrate/nitrite and reduced glutathione levels in liver
samples from 8 week-old AslNeo/Neo and wild type mice
(A) Nitrate/nitrite and (B) reduced glutathione levels levels in AslNeo/Neo and wild type
mice. Horizontal lines display the mean ± standard deviation. Experiment performed
in 8 week-old sex-matched mice. Two-tailed unpaired t-test, * p<0.05; n=3-5. WT:
wild type.
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5.3 Neurological phenotype
5.3.1 Motor phenotype

Righting reflex, grid walking, rotarod and open field tests (described in Section 2.5)
were used to assess motricity and endurance. The open field test assesses the
ability of the mouse to cope with anxiety when it is placed in a new environment. The
novel object recognition test was used to test memory, learning and exploratory
behaviour whilst the tail suspension test was chosen to assess perseverance, mood
and the tendency for depression (421).
Tail suspension, grid walking, righting reflex and novel object recognition tests
showed no significant difference between wild-type, heterozygote and AslNeo/Neo mice
(Figures 70A-D). The rotarod test showed reproducible and significant differences
with impaired ability to stay on the rod in the AslNeo/Neo group compared to wild-types
and heterozygotes (Figures 70E & 70F) and the open field test elicited significantly
decreased distance walked in the AslNeo/Neo group in comparison to wild-types
(Figure 70G). These two tests showed the reduced motricity of AslNeo/Neo mice when
tested from 3 weeks onwards compared to other genotypes.
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Figure 70. Behavioural tests in wil- type, heterozygote and AslNeo/Neo sexmatched mice
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(A) Tail suspension test with sex-matched mice aged from 3 weeks to 4 months, n=7;
(B) Grid walking test at 3 weeks of age, n=3-8; (C) Righting reflex during the first 10
days of life, n=7-12; (D) Novel object recognition with 2 month-old mice, n=8; (E, F):
Rotarod test with sex-matched mice aged 3 weeks to 4 months with (E) mean of
each mouse over the five days of testing or (F) performance over time during the five
days of testing, n=3-8; (G) Open field test, n=11-12. Horizontal lines display the
mean ± standard deviation. (A, D, G) Two-tailed unpaired t-test, (B, E) One-way
ANOVA with Dunnett’s post-test compared to AslNeo/Neomice; * p<0.05; ** p<0.01.
WT: wild-type; HET: heterozygote.

5.3.2 Neuropathology

The following analysis presented in this section were performed in sex-matched mice
aged 2 to 4 months.
Observation of the macroscopic aspect of the brain as brain weight did not differ
between genotypes (Figure 71A; Two-tailed unpaired t-test; not significant). Taking
into account the impaired growth, the brain/body weight ratio showed brain sparing
with relative cerebral hypertrophy (Figure 71B & 71C; Two-tailed unpaired t-test,
p=0.004 and p=0.004, respectively).
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Figure 71. Brain hypertrophy in AslNeo/Neo mice compared to wild-type mice
(A) Brain and (B) body weight; (C) Brain/body weight ratio, n=3-8. Horizontal lines
display the mean ± standard deviation. Two-tailed unpaired t-test; ** p<0.01; WT: wild
type.
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ASL activity in brain homogenates showed a significant decrease in AslNeo/Neo mice
with 14.3% of residual activity compared to wild-type mice (Figure 72; Two-tailed

Argininosuccinate lyase activity
(nmol/ng/min)

unpaired t-test, p=0.007).

**

300

200

100

0

WT

Asl Neo/Neo

Figure 72. Brain ASL activity in AslNeo/Neo mice compared to wild-type mice
Horizontal lines display the mean ± standard deviation. Two-tailed unpaired t-test; **
p<0.01; WT: wild type.

Nissl staining (described in Section 2.7.7) was used to look at the morphology and
cellularity between wild-type and AslNeo/Neo brains. Examination at low and high
magnifications (Figures 73 and 74, respectively) did not elicit any difference in
cellularity or structure. No abnormal migration pattern, also known as grey matter
heterotopia, was observed.
Immunostaining against argininosuccinate lyase (described in Section 2.7.4) showed
reduced staining in the cortex and brainstem of AslNeo/Neo mice compared to wild-type
mice

(Figure

75).

Various

immunostainings

were

performed

to

assess

oxidative/nitrosative stress. Nitrotyrosine is formed by the nitrosylation of a tyrosine
residue by reactive nitrogen species and is a marker of nitrosative stress.
Nitrotyrosine staining was increased in the cortex of AslNeo/Neo mice compared to wildtype mice (Figure 76A). The staining was observed in cells morphologically identified
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as neurons. This was not associated with a neuroinflammation mediated by
astrocytic or microglial activation evaluated by glial fibrillary acid protein (GFAP) and
CD68 stainings, respectively (Figures 76B, 76C). Immunohistochemical staining
against the three nitric oxide synthase (NOS) isoforms was performed. All revealed
increased staining in AslNeo/Neo mice with different sublocalisations: neuronal nitric
oxide synthase (nNOS or NOS1) and inducible nitric oxide synthase (iNOS or NOS2)
were highly expressed in cells morphologically identified as neurons (Figures 76D,
76E, respectively). Endothelial nitric oxide synthase (eNOS or NOS3) was highly
expressed in cells identified morphologically as endothelial cells and easily visualised
in cerebral capillaries (Figure 76F).
To better understand if this nitrosative stress was associated with cellular damage, a
terminal deoxynucleotidyl transferase dUTP nick end-labeling (TUNEL) staining
(described in Section 2.7.8) was performed to identify cell death. Cortex and
cerebellum from AslNeo/Neo brains showed a higher number of TUNEL positive cells
compared to wild-type although heterogeneity was observed between animals.
TUNEL positive cells were particularly abundant in the subcortex and in the granular
layer of cerebellum (Figure 77).
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Figure 73. Morphology of wild-type and AslNeo/Neo mouse brains (low
magnification)
Nissl staining. WT: wild-type. n=3 mice per group. Scale bar 5mm.
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Figure 74. Morphology of wild-type and AslNeo/Neo mouse brains (high
magnification)
Nissl staining of (A) superficial cortex, (B) cortico-subcortical junction, (C) granular
layer, (D) Purkinje and molecular layers. WT: wild type. n=3 mice per group. Scale
bar 500 μm.
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Figure 75. Argininosuccinate lyase immunostaining in wild-type and
AslNeo/Neo mouse brains
Mag: magnification; WT: wild type. n=3 mice per group. Scale bars are 500 μm (high
magnification) and 125 μm (low magnification).
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Figure 76. Immunostaining assessing the oxidative/nitrosative stress in wild-type and AslNeo/Neo mouse brains
Immunostaining of cortical sections of 1-3 month-old wild-type and AslNeo/Neo mice: (A) increased nitrotyrosine in morphologicallyidentified neurons, (B) no difference in the astrocytic GFAP or (C) microglial CD68. Increased nNOS (D) and iNOS (E) in
morphologically-identified neurons and (F) eNOS in endothelial cells in sections of AslNeo/Neo mice compared to wild-type. n=3 mice
per group. Mag; Magnification. Scale bars of low and high magnification: 500 and 125μm, respectively. WT: wild type.
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Figure 77. TUNEL staining of wild-type and AslNeo/Neo mouse brains
Representative coronal sections of (A) brain, (B) cortex, (C, D) cerebellum. Scale bars are 500 (A, C) and 125 μm (B, D),
respectively. WT: wild type.
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5.3.3 Nitric oxide metabolism in the brain

In order to explore the nitric oxide metabolism of the brain, various biomarkers were
assessed. Nitric oxide concentrations from wild-type and AslNeo/Neo mice were
assessed by measurement of nitrite (NO2-) and nitrate (NO3-) ions, downstream
metabolites of nitric oxide (422) as the half-life of nitric oxide is one second, which
prevents a reliable direct measurement (377). Cyclic guanosine monophosphate
(cGMP) is a signalling pathway physiologically upregulated by nitric oxide (423). Low
tissue L-arginine is observed in argininosuccinic aciduria and can cause nitric oxide
synthase uncoupling (85). This leads to the production of reactive oxygen species
including superoxide ion (O2-) or peroxynitrite (ONOO-) (See Section 1.2.2 & Figure
5). Peroxynitrite generates nitrotyrosine, a marker of oxidative/nitrosative stress
(424). The detoxification of peroxynitrite by reduced glutathione (GSH) can generate
nitrite via the reaction ONOO- + 2GSH ® NO2- + GSSG + H2O (425).
Increased nitrotyrosine staining and increased expression of nitric oxide synthases
(eNos, iNOS and nNOS) provide evidence of nitrosative stress in the AslNeo/Neo
mouse brains. Nitrotyrosine is generated by reactive nitrogen species such as
peroxynitrite formed by superoxide ion (O2-) and nitric oxide. This highly damaging
compound is associated with oxidative stress and these two are usually combined as
an oxidative/nitrosative stress.
Nitrite/nitrate concentrations in AslNeo/Neo mouse brains were found to be significantly
elevated (Figure 78A; Two-tailed unpaired t-test, p=0.002). This was associated with
a significant increase of cyclic guanosine monophosphate (cGMP), confirming the
activation of the NO-cGMP signalling pathway (Figure 78B; Two-tailed unpaired ttest, p=0.005). Decreased concentrations of reduced glutathione (although not
statistically significant) supported the hypothesis of oxidative stress as an ongoing
pathophysiological mechanism in the AslNeo/Neo mouse brain (Figure 78C).
Nitrite/nitrate concentrations were significantly increased in the cortex and the
midbrain but not in the cerebellum (Figures 78D, 78E & 78F, respectively; Two-tailed
unpaired t-test, p=0.02, p=0.02 and p=0.5, respectively).
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Figure 78. Neuronal oxidative/nitrosative stress is a component of the
neurological disease in AslNeo/Neo mice
(A) Nitrite/nitrate concentrations (n=12-15) (B) cyclic GMP (n=6) and (C) reduced
glutathione (n=4-5) in brain homogenates. Nitrite/nitrate levels in (D) cortex, (E)
midbrain and (F) cerebellum. Horizontal lines display the mean ± standard deviation.
ns = not significant. Two-tailed unpaired t-test * p<0.05; ** p<0.01; ns not significant.
(A) Graph displays not transformed data and illustrates the widespread of the values.
The D’Agostino & Pearson omnibus normality test confirmed the absence of normal
distribution for the values observed in AslNeo/Neo mice (p<0.0001). Log-transformed
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data achieved a normal distribution with the same test and were used for statistical
analysis to obtain Gaussian distribution. WT: wild type.

5.4 Discussion
5.4.1 Recapitulation of the human disease

The phenotype of the AslNeo/Neo mouse shows impaired growth, early death, abnormal
fur pattern (See Section 5.2.1) and a multi-organ disease with liver, kidney, and
brain involvement (See Sections 5.2.4, 5.2.3 and 5.3, respectively). This confirms
the phenotype described by Erez et al (32). Our work did not evaluate the blood
pressure but arterial hypertension has been confirmed in previous publications (32,
85).
Differences in various biomarkers in plasma: alanine aminotransferase, creatinine,
urea cycle-related biomarkers such as ammonia, citrulline, arginine, plasma and
urine argininosuccinic acid, and in urine, orotic aciduria were detected (See Section
5.2.3). Interestingly, alterations in biomarkers related to the citrulline-nitric oxide cycle
including nitrite/nitrate levels and reduced glutathione in the liver were also observed
(See Section 5.2.4). This was in line with systemic nitric oxide deficiency observed in
previous publications related to the AslNeo/Neo mouse model (32, 85). Reduced
glutathione levels was suggesting of oxidative stress as a pathophysiological
mechanism of the liver disease.
This phenotype mimics the symptoms observed in patients with argininosuccinic
aciduria (18) and in the natural history study presented in Sections 1.2.2 and 3.4,
respectively.
The liver phenotype in the human disease presents with an enlarged liver, elevated
alanine aminotransferase and glycogen deposits (See Section 1.2.2) as that
observed in the AslNeo/Neo mouse. This phenotype of increased glycogen deposition,
which is observed in glycogen storage diseases, is not well understood when
observed in urea cycle defects (79). Enzymes involved in glycogenesis and
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glycogenolysis pathways are usually in the normal range or slightly abnormal (81).
The roles of a carbohydrate-enriched diet and essential amino acid mixtures with
high leucine content used in the treatment of urea cycle defects have been discussed
(81) as leucine triggers insulin secretion and glycogenogenesis (82). This cannot
however explain the phenotype observed in the AslNeo/Neo mouse. Glutamine,
increased in hyperammonaemia, is as well an important trigger for insulin release
(426, 427) and might be an explanation (81).
Liver fibrosis has been observed in patients with argininosuccinic aciduria (79) (See
Section 1.2.2) but was not observed in the AslNeo/Neo mouse (See Section 5.2.4).
This symptom has been described in ornithine transcarbamylase deficient patients
but the pathophysiology is poorly understood. Hyperammonaemia or citrulline
accumulation might be involved (79).
Electron microscopy revealed cytoplasmic vesicles with “flocculent” or crystalline
inclusions which lacked dense granules (See Section 5.2.4); this occurs in some
patients with Reye-like syndrome (428). Reye syndrome is defined by an
encephalopathy without cerebrospinal fluid inflammation, and liver dysfunction i.e.
raised transaminases, hyperammonaemia or liver steatosis (429). This syndrome can
be observed in various inherited metabolic diseases: mitochondrial fatty acid
oxidation defects, organic acidurias, urea cycle defects and mitochondrial disorders.

5.4.2 Neurological phenotype

The neurological phenotype of the AslNeo/Neo mouse has not been described before.
The demonstration of a significant reduction in the performance of behavioural tests
assessing the motricity suggests a neurological or muscular effect of the disease
(See Section 5.3.1).
Hyperammonaemia will affect the AslNeo/Neo mouse brain and should contribute
significantly to the abnormal behavioural results. However the role of the impaired
citrulline-nitric oxide cycle in the brain remains uncertain. The high rate of
neurological complications in patients irrespective of the age of onset of the disease
and of the time of treatment initiation confirms that hyperammonaemia alone cannot
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account for this neurological phenotype (See Section 3.7.1). Therefore, the
perspective of studying the nitric oxide metabolism in the AslNeo/Neo brain was
attractive. These investigations supported the hypothesis that oxidative/nitrosative
stress involving neurons contributes to the neuropathology of argininosuccinic
aciduria. Hypoargininaemia, a common biological feature of the disease in patients
and AslNeo/Neo mice (See Sections 1.2.3 and 5.2.3, respectively), is a known cause
for uncoupling of nitric oxide synthase, which decreases nitric oxide production and
increases generation of free radicals that damage tissues (85). Reactive oxygen
species then interfere with nitric oxide production and regulation of the
microcirculation (361). In addition decreased nitric oxide levels might affect protein
nitrosation on tyrosine residues (374), which in turn regulates histone methylation
and gene expression (375). In the brain, nitric oxide plays a key-role as a signalling
molecule (376) involved in neurotransmission (377), regulation of neuronal
differentiation (378, 379) and migration (380, 381). No morphological abnormalities
were observed in the AslNeo/Neo mouse brain (See Section 5.3.2), which suggests
that this neuronal migration process is not affected. However this might not be the
case in humans, where impaired cerebral nitric oxide metabolism could explain
unusual neuroimaging findings observed in the British cohort of patients described
previously (See Section 3.3). In that case, local parenchymal infarcts could be
caused by impaired nitric oxide-mediated vasoregulation of the microcirculation and
nodular heterotopia could result of an abnormal neuronal migration during
development due to impaired cerebral regulation of nitric oxide metabolism.
Overexpression of all isoforms of nitric oxide synthase (iNOS, eNOS and nNOS)
were observed in AslNeo/Neo mice (See Section 5.3.2). Neuronal and endothelial nitric
oxide synthases are both constitutive enzymes whereas inducible nitric oxide
synthase is inducible (430). In the brain, endothelial nitric oxide synthase is observed
almost exclusively within endothelial cells (377); this agrees with the overexpression
of endothelial nitric oxide synthase observed, by immunostaining, in cerebral micro
vessels and capillaries. Neuronal nitric oxide synthase is expressed in both immature
and mature neurons, astrocytes, and in the adventitia of blood vessels (431).
Inducible nitric oxide synthase can be expressed in astrocytes, microglia, endothelial
cells and neurons (432). Glial expression is frequently observed in diseases like
cerebral ischaemia (433), autoimmune encephalitis (434), amyotrophic lateral
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sclerosis (435), and Alzheimer’s disease (436). It is interesting to note that inducible
nitric oxide synthase and argininosuccinate synthase, the later being the enzymatic
limiting step of nitric oxide production, co-localise in neurons and glial cells
confirming the presence of the multiprotein complex involving argininosuccinate lyase
in both cell types (437) (See Section 1.2.1).
Independent of the effect of arginine concentration on nitric oxide production,
hyperammonaemia per se can cause brain toxicity through oxidative stress, which is
associated with upregulation of neuronal and inducible nitric oxide synthase isoforms
in neurons and astrocytes, respectively (39).
Arginine supply regulates nitric oxide metabolism in urea cycle defects. In
argininosuccinic aciduria, arginine levels are low in patients (See Section 1.2.3) and
AslNeo/Neo mice (See Section 5.2.3). Similarly in the ornithine transcarbamylase (438)
deficient Spf mouse model (in which the high residual activity of ornithine
transcarbamylase does not cause hyperammonaemia (308)), plasma arginine is low
and cerebral nitric oxide production is decreased (439). However in arginase
deficiency where plasma arginine is elevated, nitric oxide metabolites are elevated in
patients (440).
To investigate if this oxidative/nitrosative stresss was a primary pathophysiological
mechanism or secondary to hyperammonaemia, we designed a gene therapy
approach to normalise ammonaemia and conditionally target the argininosuccinate
lyase activity in neurons. This is described in Chapter 6.

5.5 Conclusion
Study of the hypomorphic AslNeo/Neo mouse model has confirmed data from literature,
as this animal model presents a phenotype mimicking the human disease of
argininosuccinic aciduria. Thus this is a suitable animal model for assessing new
therapies. Several macroscopic, biological and histological parameters have been
identified as relevant efficacy endpoints.
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Neurological study of the AslNeo/Neo mouse brain has revealed oxidative/nitrosative
stress, which is prominent in neurons, especially in the cortex. This might be a
secondary consequence of hyperammonaemia. However, the requirement of
argininosuccinate lyase for nitric oxide production indicates the possibility of a
primary pathophysiological mechanism exerting a direct effect on the nitric oxide
metabolism in the AslNeo/Neo mouse brain. A gene therapy approach targeting the liver
and conditionally the brain might be of use in clarifying this question.
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6. VECTOR DESIGN FOR Asl GENE TRANSFER
6.1 Introduction

Argininosuccinic aciduria is a complex inherited metabolic disease as the deficiency
of argininosuccinate lyase affects 2 biochemical pathways, the urea cycle and the
citrulline-nitric oxide cycle (See Section 1.2.1). Current therapeutic guidelines focus
on lowering ammonia levels (See Section 1.2.5). However this does not prevent
poor long-term neurological outcome (See Section 1.2.6). The AslNeo/Neo mouse
model mimicks the human disease and the brain phenotype shows an
oxidative/nitrosative stress affecting neurons (See Section 5.3.3).
This project aims to develop an innovative therapeutic strategy based on gene
therapy for argininosuccinic aciduria, which could be translated to clinic. Designing a
gene therapy will require transduction of hepatocytes in order to target the urea
cycle. However as illustrated by previous work (85), this might not be sufficient to
sustainably protect patients from neurocognitive impairment. Therefore a transgene
capable of delivery to the brain would be of interest. This might correct the metabolic
defect in situ and its metabolic consequences.
AAV vectors currently are the leading strategy for liver-directed gene therapy with the
best benefit-risk balance (See Section 1.3.3) and have shown proof of concept of
phenotypic correction in various mouse models of urea cycle defects (See Section
1.3.7). AAV vectors have been successfully used for clinical trials in neurological
diseases in targeting the brain (441). Therefore, an AAV vector was considered for
developing a gene therapy approach for argininosuccinic aciduria.
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6.2 Vector design and delivery
6.2.1 Rationale for vector design

The choice of the different elements involved in an AAV vector i.e. AAV serotype,
single or double-stranded transgenic DNA, promoter, transgene, cis-acting regulatory
elements (See Section 1.3.2) was made based on previous experimental evidence
and is summarised in Figure 79.

i) The AAV8 serotype was chosen for its liver tropism in adult (442) and neonatal
mice (239, 443, 444), its ability to transduce the mouse brain after either intracranial
(445, 446) or intravenous injection (447), its success in clinical trials for liver inherited
metabolic diseases like haemophilia B (448), its safety profile with a lower
seroprevalence compared to other AAV serotypes in either children (449) or adults
(233, 235).

ii) A single-stranded vector was chosen to increase the cloning capacity and to
reduce the risk of immune response as suggested by experiment with the selfcomplementary counterpart (255). Self-complementary AAV vectors achieve 10 to
100 times better transduction compared to single-stranded AAV vectors. However
compared to self-complementary AAV vector without WPRE, a single-stranded AAV
vector containing the cis-acting woodchuck hepatitis virus post-transcriptional
regulatory element (WPRE) inserted downstream the transgene has shown better
gene expression in the central nervous system and peripheral organs after systemic
delivery (321, 450). This DNA sequence is involved in the cytoplasmic accumulation
of messenger RNA and increases gene expression in retroviral (451), adenoviral
(452) and AAV (453) vectors. A link with tumorigenicity was proposed (454) but never
confirmed

and

this

DNA

sequence

is

now

used

in

clinical

trials

http://www.ema.europa.eu/docs/en_GB/document_library/EPAR_Public_assessment
_report/human/002145/WC500135476.pdf. The self-complementary AAV vector
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cannot hardly accommodate this 600 base pairs-long WPRE sequence (455)
because of the limited 2.2 kilobase pairs cloning capacity of scAAV (254).

iii) The choice of the promoter plays a critical role as it influences the type of cells
transduced and the kinetics of transgene expression (456). The argininosuccinate
lyase promoter was not chosen as this promoter has only been used previously in in
vitro applications (457). The EFS promoter, a shorter version of the Elongation factor
1 α (EF1α) promoter, which lacks the intron (458), was chosen.
EF1α, a highly conserved protein throughout evolution (459), plays a key-role in
transfer RNA (tRNA) export in eukaryote cells, protein elongation and protein export
in mammalian cells (460). EF1α is a nucleotide-binding protein and part of the
translational protein-ribosome complex (461, 462). The EF1α promoter contains the
5’ flanking region and the first intron of the EF1α gene (463).
The EF1α promoter targets the liver successfully and has shown 14 to 100 times
greater transduction of murine liver compared to the CMV promoter when
incorporated into an AAV2 vector and after systemic delivery (464, 465). Use of this
promoter has allowed the correction of the liver phenotype in an adult mouse model
of mucopolysaccharidosis VII after intrahepatic injection of AAV2 (466).
This promoter has a broad spectrum and is considered as an ubiquitous promoter
(467). Its ability to successfully transduce hematopoietic stem cells (468) or
embryonic stem cells (469) with retroviral vectors has been reported, with again a
better achievement than the CMV promoter (469). The EFS promoter has several
other advantages compared to other ubiquitous promoters: resistance to silencing
(470), reduced potential risk of insertional mutagenesis compared to other ubiquitous
promoters (458), already in use in clinical trials (471). In the brain, this promoter
targets mainly neurons (443, 472)

iv) A modified simian virus 40 (SV40) small t antigen intron upstream of the
transgene coding DNA was also incorporated into the vector as this has been proven
to increase transcriptional efficacy by 10 to 100 times (473). The intron splicing is
supposed to avoid supercoiling during transcription, and then prevent the cut and re250
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ligation processes required by DNA topoisomerase I, which are identified as potential
causes of insertional mutagenesis (474).

v) Argininosuccinate lyase plays a key structural role for the maintenance of a
multiprotein complex, which includes nitric oxide synthase, argininosuccinate
synthase and a cationic amino acid transporter CAT-1 (32). For this reason and to
prevent any misformation of this critical complex, it was decided to clone the murine
non codon-optimised Asl gene in the insert cassette.

vi) Simian virus 40 late polyadenylation tail (SV40 LpA) was added downstream of
the transgene ccoding DNA. This increases gene expression by stabilising
messenger RNA for nuclear export and translation (475).

EFS

mAsl

Figure 79. Schematic of the designed vector
ITR Inverted terminal repeat; EFS: Elongation factor 1 alpha short promoter; SV40:
Simian virus 40 small t antigen intron; mAsl: murine Asl gene; WPRE: Woodchuck
hepatitis virus post-transcriptional regulatory element; SV40 pA: simian virus 40 late
polyadenylation tail.

6.2.2 Target structures and cell types
In order to correct the urea cycle, the target cells will be periportal hepatocytes.
However, because the citrulline-nitric oxide cycle is expressed in most tissues,
ubiquitous distribution of the vector would ideally be required. As the main caveat of
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clinical application of a liver-restricted gene therapy approach would be the high risk
of persisting neurocognitive impairment, the brain will need to be one of the main
targets of the vector. Investigation of the neuropathology of the AslNeo/Neo mouse (see
Section 5.3) highlighted that neurons, especially those in the cortex, present with
oxidative/nitrosative stress. Therefore, neuronal transduction will be required to target
the correct cell type.

6.2.3 Timing of delivery
The liver growth significantly affects the efficacy of AAV gene therapy mediated by a
non-integrating transgene delivery. Hence whilst early delivery of the vector might
show limited efficacy for some days or even weeks it is unlikely to correct the
phenotype as time progresses. Therefore a proof of concept of efficacy in the
AslNeo/Neo mouse will require a later delivery in adulthood to evaluate the effect on the
phenotype related to the urea cycle defect itself. Early delivery targeting the brain
however will prevent potential neurological sequellae related to an impaired nitric
oxide metabolism.

6.2.4 Method of delivery
Intraperitoneal or peripheral intravenous routes can be used to target the liver with
AAV viral vectors (442). Previous experiments have shown similar efficacy in liver
trandusction between intraportal and peripheral intravenous routes for liver-directed
gene therapy with AAV vectors in mice or non-human primates (190, 191).
For brain delivery, a direct intracerebroventricular injection of AAV8 vector in mice
has been reported to allow widespread transduction (443). Systemic delivery of
AAV8 has also been shown to transduce the brain in certain circumstances if the
injection is performed at a high dose before the age of 2 weeks (476). A later
injection in adult mice did not allow successful brain transduction (442).
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6.3 EFS promoter study
6.3.1 Experimental design

EFS was considered as a suitable promoter to target liver and brain efficiently and
able to specifically target neurons. EFS was compared to the CMV promoter, which
was used as a positive control and characterised by a wide biodistribution in most of
the organs. GFP was used as a reporter gene to assess biodistribution.
Two single-stranded AAV vectors AAV8.EFS.SV40i.GFP.WPRE.SV40pA and
AAV9.CMV.PI.GFP.WPRE.bGH (PI : chimeric intron from Promega, Madison, WI,
USA ; bGH : bovine growth hormone polyadenylation tail) were kindly provided by Dr
Joanna Hanley from Prof Gissen’s laboratory and Dr Joanne Ng from Dr Simon
Waddington’s laboratory, respectively.
The experimental design was as follows: two methods of injection were tested in
neonatal pups of C57Bl/6 mice i.e. a single peripheral intravenous injection via the
superficial

temporal

vein

in

a

20

μL

volume

or

two

symmetrical

intracerebroventricular injections. Intracerebroventricular injection was performed 1
mm lateral to the sagittal suture, halfway between the lambda and the bregma
intersections of the sutures as previously described (477) with injection of a 5 μL
volume.

4x10e11

and

8.5x10e10

vector

AAV8.EFS.SV40i.GFP.WPRE.SV40LpA

genomes

were

injected

(vg)

per

pup

intravenously

of
or

intracerebroventricularly, respectively. In littermates, 6x10e11 and 1.5x10e11 vg per
pup

of

AAV9.CMV.PI.GFP.WPRE.bGH

were

injected

intravenously

or

intracerebroventricularly, respectively. Control littermates were not injected. At 5
weeks of age, mice were culled for organ collection and biodistribution analysis.
Vector injections were performed by Dr Simon Waddington.
Five experimental groups were compared: AAV vector with EFS promoter neonatally
injected via either intravenous (EFS IV) or intracerebroventricular route (EFS IC),
AAV vector with CMV promoter neonatally injected via either intravenous (CMV IV) or
intracerebroventricular route (CMV IC) (n=4 in each group), uninjected control group
(n=3).

GFP

expression

was

assessed
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immunosorbent assay (ELISA) and quantitative polymerase chain reaction (qPCR)
(Figure 80).
Intravenous rAAV2/8-EFS-GFP-WPRE, n=4
Intracranial rAAV2/8-EFS-GFP-WPRE, n=4
Intravenous rAAV2/9-CMV-GFP-WPRE, n=4
Intracranial rAAV2/9-CMV-GFP-WPRE, n=4
Uninjected controls, n=3

Injec&on

Sacriﬁce

Week 5

Day 0

Immunohistochemistry

ELISA

qPCR

Figure 80. Promoter study design
AAV: adeno-associated viral vector; CMV: cytomegalovirus; EFS: Elongation factor 1
alpha short promoter; ELISA: enzyme linked-immunosorbent assay; GFP: green
fluorescent protein; PBS: phosphate buffered saline; qPCR quantitative polymerase
chain-reaction; WPRE: Woodchuck hepatitis virus post-transcriptional regulatory
element.

6.3.2 Biodistribution of AAV vector constructs in peripheral organs
Organs were observed under a fluorescence microscope in order to visualise the
biodistribution of GFP. Brain, liver, heart, skeletal muscle and skin were well
transduced in the EFS IV group. In the EFS IC group, brain was well transduced and
a mild fluorescence was observed in the liver. Otherwise no other peripheral organ
showed any fluorescence. All organs, including kidney and gut, showed diffuse
fluorescence in the CMV IV group. In the CMV IC group, brain, liver, muscle and
kidney were fluorescent. Controls did not show any transduction (Figure 81).
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Figure 81. Effect of promoter and mode of delivery of vector on GFP
fluorescence of brain and peripheral organs
Representative pictures of brain and peripheral organs. CMV IC: AAV vector
containing the CMV promoter encoding GFP injected via intracerebroventricular
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route; CMV IV: AAV vector containing the CMV promoter injected via peripheral
intravenous route; EFS IC: AAV vector containing the EFS promoter injected via
intracerebroventricular route; EFS IV: AAV vector containing the EFS injected via
peripheral intravenous route. n=4 per group, except controls n=3. Time in seconds in
the bottom left corner of each picture is the time of exposure before the capture of
the image.

GFP immunostaining was performed in peripheral organs and quantified by ImagePro Premier 9.1 software by analysing 10 random pictures of a representative
sample. The highest liver transduction was achieved in the EFS IV group compared
to EFS IC, CMV IV, CMV IC and controls (One-way ANOVA with Dunnett’s post-test
compared to EFS IV: p<0.001, p<0.01, p<0.001 and p<0.001, respectively) (Figure
82). The CMV IV group showed the highest transduction compared to EFS IV in
skeletal muscle, heart and skin (One-way ANOVA with Dunnett’s post-test compared
to EFS IV: p<0.001, p<0.001 and p<0.001, respectively) (Figure 83).
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Figure 82. GFP immunostaining in liver
Representative liver sections of EFS IV: AAV vector containing the EFS promoter
encoding GFP injected via peripheral intravenous route. n=4 animals per group; EFS
IC: AAV vector containing the EFS promoter injected via intracerebroventricular
route; CMV IV: AAV vector containing the CMV promoter injected via peripheral
intravenous route; CMV IC: AAV vector containing the CMV promoter injected via
intracerebroventricular route; uninjected controls n=3 animal. Quantification analysed
by Image-Pro Premier 9.1 software from 10 random pictures of a representative
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sample. Horizontal lines display the mean ± standard deviation. Scale bars are 500
(Main picture) and 125 μm (inset), respectively. One-way ANOVA with Dunnett’s
post-test compared to EFS IV: ** p<0.01; *** p<0.001.
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Figure 83. GFP immunostaining in skeletal muscle, heart and skin after intravenous injection
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Representative sections of skeletal muscle, heart and skin after GFP immunostaining. (A) EFS IV: AAV vector containing the EFS
promoter encoding GFP injected via peripheral intravenous route; (B) CMV IV: AAV vector containing the CMV promoter injected
via peripheral intravenous route; n=4 animals per group except (C) uninjected controls n=3 animals. (D) Quantification analysed by
Image-Pro Premier 9.1 software from 10 random pictures of a representative sample. Horizontal lines display the mean ± standard
deviation. Scale bars are 500 (Main picture) and 125 μm (inset), respectively. One-way ANOVA with Dunnett’s post-test compared
to EFS IV: ** p<0.01; *** p<0.001.
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In order to better quantify GFP in peripheral organs, a GFP ELISA was set up.
Irrespective of the method of injection, the CMV promoter showed the better
transduction with 1 to 3-log higher transduction compared to the EFS promoter
(Figure 84).
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Figure 84. Quantification of GFP in peripheral organs using ELISA
CMV IC: AAV vector containing the CMV promoter encoding GFP injected via
intracerebroventricular route; CMV IV: AAV vector containing the CMV promoter
encoding GFP injected via peripheral intravenous route; EFS IC: AAV vector
containing the EFS promoter encoding GFP injected via intracerebroventricular route;
EFS IV: AAV vector containing the EFS promoter encoding GFP injected via
peripheral intravenous route. n=4 animals per group, except controls n=3 animals.
Horizontal lines display the mean ± standard deviation. One-way ANOVA with
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Dunnett’s post-test compared to EFS IV: ** p<0.01; *** p<0.001. Only significant
comparisons are represented.

qPCR targeting the WPRE sequence was performed in liver samples from mice at 5
weeks of age after neonatal injections. Vector genomes were more than 8 times
higher in CMV injected groups compared to EFS groups, respectively (. One-way
ANOVA with Dunnet’s post-test compared to EFS IV; p=0.02) (Figure 85A). However
the ratio comparing the amount of GFP protein synthesised to the vector genome
copy number was higher in the EFS injected groups compared to the CMV groups
(Figure 85B).
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Figure 85. Quantitative PCR analysis of the number of vector genomes and
the effect of CMV on GFP expression in liver samples
(A) Vector genomes per nucleus presented on a log 2 scale; (B) ratio of the amount
of GFP protein per vector genome. Analysis performed in triplicate. CMV IC: AAV
vector

containing

the

CMV

promoter

encoding

GFP

injected

via

intracerebroventricular route; CMV IV: AAV vector containing the CMV promoter
injected via peripheral intravenous route; EFS IC: AAV vector containing the EFS
promoter injected via intracerebroventricular route; EFS IV: AAV vector containing
the EFS promoter injected via peripheral intravenous route. n=4 animals per group,
except controls n=3 animals. Horizontal lines display the mean ± standard deviation.
One-way ANOVA with Dunnet’s post-test compared to EFS IV; * p<0.05.
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6.3.3 Biodistribution of AAV vector constructs in the central
nervous system
GFP immunostaining of brain tissue revealed a diffuse transduction of the brain in the
EFS groups with a decreasing rostro-caudal gradient. Conversely, in mice injected
with CMV, universal transduction of the whole brain was evident. As expected, a
higher

intensity

of

staining

was

observed

in

groups

injected

via

the

intracerebroventricular route. Controls did not show any staining (Figure 86).
Observation of brain sections stained for GFP revealed a neuronal transduction
pattern in groups of mice injected with EFS whereas those injected with CMV had
mixed transduction of neurons and astrocytes (Figure 87). This pattern of
transduction was confirmed by immunofluorescence (Figure 88). Brains of mice
injected intravenously with the EFS promoter had an exclusive pattern of neuronal
transduction as shown by the co-localisation of GFP with the neuronal marker NeuN
(Figure 88A). Brains of mice injected intravenously with the CMV promoter showed
transduction of astrocytes and some neurons (Figure 88B).
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Figure 86. Decreasing rostrocaudal gradient in EFS injected brains revealed by GFP immunostaining
Representative sections of brain staining. CMV IC: AAV vector containing the CMV promoter injected via intracerebroventricular route; CMV
IV: AAV vector containing the CMV promoter injected via peripheral intravenous route; EFS IC: AAV vector containing the EFS promoter
injected via intracerebroventricular route; EFS IV: AAV vector containing the EFS promoter encoding GFP injected via peripheral intravenous
route. n=4 animals per group; uninjected controls n=3 animals. Scale bar is 5 mm
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Figure 87. Specific transduction of neurons using the EFS promoter
revealed by GFP immunostaining (high magnification)
Representative sections of brain staining. CMV IC: AAV vector containing the CMV
promoter injected via intracerebroventricular route; CMV IV: AAV vector containing
the CMV promoter injected via peripheral intravenous route; EFS IC: AAV vector
containing the EFS promoter injected via intracerebroventricular route; EFS IV: AAV
vector containing the EFS promoter encoding GFP injected via peripheral
intravenous route. n=4 animals per group; uninjected controls n=3 animals. Mag:
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magnification. Scale bars are 500 (low magnification) and 125 μm (high
magnification), respectively.
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Figure 88. Specific transduction of neurons using the EFS promoter
revealed by GFP and NeuN immunofluorescence
Representative sections of brains from CMV IV: AAV vector containing the CMV
promoter encoding GFP injected via peripheral intravenous route; EFS IV: AAV
vector containing the EFS promoter encoding GFP injected via peripheral
intravenous route, and uninjected controls; n=4 animals per group, except controls
n=3 animals. Scale bar is 125 μm. White arrows show neurons.
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6.4 Discussion
The 3 main parameters considered when designing a vector for gene therapy and
which can influence biodistribution are the AAV serotype, the promoter and the route
of delivery (See Section 1.3.2) (240). Experimental evidence demonstrated that use
of the AAV8 serotype with the EFS promoter when delivered intravenously was
successful in targeting both liver and neurons. Of note, neonatal injection allowed a
high rate of hepatocyte transduction across the hepatic lobule at 5 weeks of age.
This is of particular interest when considering treatment for a persisting metabolic
defect such as a urea cycle disorder in infancy where the liver is still growing. GFP
immunostaining confirmed a high rate of transduced hepatocytes across the hepatic
lobule. GFP ELISA showed that the liver was the main peripheral organ transduced.
GFP immunostaining of brain sections showed a clear pattern of neuronal
transduction throughout the brain, which was strongest in the cortex and decreased
rostro-caudally.

In mouse models, AAV8 can widely transduce the brain after intracerebroventricular
administration (443). After a systemic injection, most organs especially the liver are
successfully targeted (442) but the neurotropism is influenced by the age of infusion
and the dose of vector. Successful brain transduction with AAV8 and a CMV
promoter was reported until day 14 of life after systemic delivery (1.5x10e11 vg per
mouse) (476). Brain transduction was however nearly undetectable in adult mice
after a similar experiment (1x10e11 vg per mouse) (442). Increasing the dose of
vector improves brain transduction in adult mice, but this is accompanied by a higher
risk of immune response, which could compromise a potential re-injection of AAV
vector with the same construct if required. Indeed intravenous injection in adult mice
with AAV8 and the EF1α promoter showed mild brain transduction at 1x10e11 to
2x10e12 vg per mouse (438, 478), but widespread neuronal and astrocytic
transduction at 7.2x10e12 vg per mouse (approximately 2.9x10e14 vg/kg) (479). The
transient permeability of the blood brain barrier for AAV in the neonatal mouse brain
is not well understood and could be due to immaturity or receptor-mediated
transcytosis (476, 480). The cell types transduced differ depending on the time of
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injection. A predominant neuronal transduction is observed when gene therapy is
administered during the first 48 hours of life switching to a preferential astrocytic
transduction from day 3 onwards (443). Our observations confirm this data.
Other AAV serotypes like AAV9 in mice (321, 481) and in non-human primates (482,
483) have demonstrated a long-standing transgene expression of up to 18 months in
mice after systemic neonatal delivery (476). As observed in this study with the CMV
promoter, AAV9 is a serotype that is capable of transducing a widespread spectrum
of peripheral organs as well as the central nervous system. This has been further
illustrated by the current use of AAV9-based vector delivered intravenously in a
clinical trial for spinal muscular atrophy and mucopolysaccharidosis IIIA (Clinical trials
numbers NCT02122952 and NCT027162246, respectively, from clinicaltrials.gov
accessed on 06/04/2017) (441).
This promoter study has major caveats as the work compares the GFP transduction
of an AAV8 serotype in combination the EFS promoter with an AAV9 serotype in
combination with the CMV promoter, with the latter being administered at a 50%
higher dose. Therefore findings need to be interpreted very carefully. However for the
purpose of validating the design of our vector, this study allows pertinent conclusions
to be drawn: the data suggest that CMV promoter might be subject to silencing.
Indeed the amount of GFP protein per vector genome was higher in the EFS injected
groups compared to CMV groups. Silencing of the CMV promoter has been well
documented in the liver, as previously published (464, 465), but the EFS promoter
has been found more resistant (470). The respective pattern of cell types transduced
in the brain has not been proven to be affected by the AAV serotypes but instead
appears to be more dependent on the promoter and age at time of injection as
discussed above (442, 443, 476, 479). The neuronal specificity of the EFS promoter
has already been reported (472). This neuronal specificity is of particular interest
when considering treatment of the brain of AslNeo/Neo mice, which are affected by an
oxidative/nitrosative stress particularly within neurons (See Section 5.3.2). The rate
of transduced hepatocytes persisting at 5 weeks of age after a single neonatal
injection is still particularly high and meets the requirement to treat a severe liver
monogenic condition associated with early death. Moreover the EFS promoter allows
a relatively ubiquitous expression despite some cell-type specificity as illustrated with
the neuronal pattern and decreasing rostro-caudal gradient (467). This is of interest
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for argininosuccinic aciduria where argininosuccinate lyase activity is expressed in
most tissues. The EFS promoter is already used in patients, especially in clinical
trials for severe combined immunodeficiency syndrome with retroviral vectors (471).
These trials provide further evidence with regards to the safety profile of this
promoter, already known for its lower risk of insertional mutagenesis compared to
other ubiquitous promoters (458).

6.5 Conclusion
The vector design, which combines an AAV8 serotype and an EFS promoter, when
delivered via a peripheral intravenous route at birth has demonstrated its ability to
target the liver and neurons, especially those in the cortex, with transduction
persisting in adult mice after neonatal delivery.
The reduced risk of silencing and the safer profile of EFS, which has already been
exploited in clinical trials when compared to other promoters, are further convincing
reasons to use EFS to test gene therapy in AslNeo/Neo mice.
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7. Asl GENE THERAPY TO TREAT AslNeo/Neo MICE
7.1 Introduction

Argininosuccinic aciduria is the inherited disorder caused by argininosuccinate lyase
deficiency, an enzyme involved in the urea and the citrulline-nitric oxide cycles (See
Section 1.2.1). Patients present with a high rate of neurological complications,
irrespective of the severity of hyperammonaemia and the age when conventional
treatment is initiated (See Sections 1.2.6 & 3.7.3). Neuroimaging and data from the
literature suggests that impaired nitric oxide metabolism play a role in this (See
Section 3.7.2). Assays using tandem mass spectrometry technology have been
developed to accurately study the argininosuccinate lyase activity in tissues (Chapter
4). The AslNeo/Neo mouse recapitulates the human disease and shows an
oxidative/nitrosative stress in the brain, predominantly in neurons, particularly in the
cortex (Chapter 5).
When developing a gene therapy approach to treating this condition, targeting the
liver to correct the urea cycle is necessary. This alone however is not sufficient to
address the neurological disease. Therefore, a specific vector has been designed to
target both the liver and the brain. In the brain, the promoter specificity has shown a
restricted transduction to neurons of the cortex and midbrain (See Section 6.3.3).
The efficacy of this vector will be tested in adult and neonatal AslNeo/Neo mice to see if
it can improve the phenotype, especially in the brain.

7.2 Experimental design

Initial experiments were designed to observe the long-term effect of the AAVmediated gene therapy on the urea cycle in the liver. Thirty day-old mice received a
single intraperitoneal injection. The purpose of injecting adult animals was to avoid
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the period of rapid liver growth in mice observed during the first 4 weeks of life.
Indeed, as AAV vectors are non-integrating, episomal copies of the transgene are
lost with hepatocyte division.

To keep AslNeo/Neo mice alive until adulthood, a supportive treatment was tested.
Therapeutic measures based on conventional treatment administered to patients with
argininosuccinic aciduria were tested to allow survival of mice until adulthood
estimated at day 30. This supportive treatment was based on :
i) a protein-restricted diet. Protein-restricted diet was considered as a critical
measure as most of the AslNeo/Neo mice were dying at time of weaning when starting
solid food meaning eating food with higher protein content. The protein content of
mouse milk and the usual diet (Harlan 2018) are 12.5% (484) and 18%, respectively.
A modified diet was introduced with 5CR4_LabDiet (protein content 14.1%).
ii) a medical treatment modified from Perez et al (485). Daily intraperitoneal injections
of the ammonia scavenger drug sodium benzoate (100 mg/kg/d), and a
supplementation of L-arginine (1 g/kg/d) were initiated from day 15 and from day 10,
respectively. Oral administration was initially tested with drugs diluted in drinking
water at at concentration allowing the aimed daily dose but this did not show any
improvement on survival, which required an alternative route of delivery e.g.
intraperitoneal.

The treatment was well tolerated and significantly increased the survival of AslNeo/Neo
mice from 25% to 75% at day 30 (Figure 89) but not the growth (Figure 90).
.
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Figure 89. Supportive treatment in AslNeo/Neo mice improves survival
Kaplan-Meyer survival curve of AslNeo/Neo mice with (n=19; dotted line) and without
(n=24; solid line) supportive treatment. Log rank test *** p<0.001.
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Figure 90. Growth of AslNeo/Neo mice with or without supportive treatment
Horizontal lines display the mean ± standard deviation.
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Supportive treatment consisted of a protein-restricted diet from day 15 to day 50,
combined with daily intraperitoneal administration of an ammonia scavenger drug
(Sodium benzoate, 100 mg/kg/d) and arginine supplementation (1 g/kg/d) which was
initiated at day 10 and halted at day 31, 24 hours after gene therapy injection (Figure
91). This was administered to all AslNeo/Neo mice, receiving gene therapy (i.e. adultinjected AslNeo/Neo mice) or not (i.e. untreated AslNeo/Neo mice). Five adult AslNeo/Neo
mice received intraperitoneal AAV vector (2.5x10e11 vg per mouse or approximately
2x10e13 vg/kg in a 50 µL volume). All animals were monitored until sacrifice at 12
months after gene therapy injection i.e. aged 13 month-old.
A second experiment was conducted in neonatal pups, which received intravenous
AAV via the superficial temporal vein (3.2x10e11 vg per pup or approximately
2x10e14 vg/kg in a 20 µL volume) within 24 hours after birth. This early neonatal
injection was intended to target the central nervous system as described in Section
6.3.3. Additionally, it was intended to target the liver during the first weeks of life.
These mice did not receive any supportive treatment and were monitored until
sacrifice at 9 months after gene therapy injection i.e. aged 9 month-old.
For each experiment, wild-type and untreated AslNeo/Neo littermates served as
controls. Results of these 2 experiments are presented in parallel. Vector injections
were performed by Dr Simon Waddington.

Intraperitoneal
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Sodium benzoate + Arginine

D10

D15

D30

D31

Protein restricted diet

Figure 91. Supportive treatment given to AslNeo/Neo mice
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Daily intraperitoneal injections of sodium benzoate (100 mg/kg/d) and arginine (1
g/kg/d) were performed from day 10 to day 31 and a protein restricted diet from day
15 to day 50. 14 and 38 uninjected AslNeo/Neo mice served as controls for experiment
conducted in adult and neonatally AslNeo/Neo mice, respectively.

7.3 Effect on the macroscopic phenotype
7.3.1 Survival
Survival was significantly improved in both adult- and neonatally-injected AslNeo/Neo
mice compared to untreated AslNeo/Neo mice at 12 months and 9 months after gene
therapy injection, respectively (Figure 92). At 13 months of age, survival rates were
5/5 and 2/16 in adult-injected and untreated AslNeo/Neo mice, respectively (Log-rank
test: p=0.002). At 9 months of age, survival rates were 5/7 and 2/21 in neonatallyinjected and untreated AslNeo/Neo mice, respectively (Log-rank test: p=0.006).

A

WT

Untreated AslNeo/Neo

Adult injected AslNeo/Neo

Neonatally injected AslNeo/Neo

B

Figure 92. Survival curves of adult- and neonatally-injected AslNeo/Neo mice
(A) Adult-injected compared to untreated AslNeo/Neo mice (n=5 and 16, respectively); (B)
Neonatally-injected compared to untreated AslNeo/Neo mice (n=7 and 21, respectively).
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7.3.2 Growth
Gross observations revealed a rapid and sustained improvement of the growth
(Figure 93A-C) in adult-injected compared to untreated AslNeo/Neo mice. This was
transiently observed in neonatally-injected compared to untreated AslNeo/Neo mice
during the first month of life (Figure 93D-G). This growth improvement was
associated with a modification of the fur pattern, which looked similar to wild-type
animals during the whole experiment and for the first month after gene therapy
injection in adult- and neonatally-injected mice, respectively (Figure 93A-G).

Figure 93. Macroscopic aspect of gene therapy-injected AslNeo/Neo mice
compared to wild-type and untreated AslNeo/Neo mice
(A-C) Images of wild-type, untreated and adult-injected AslNeo/Neo mouse with gene
therapy. (D-G) Images of wild-type, untreated and neonatally-injected AslNeo/Neo
mouse with gene therapy. (A-G) Scale bar: 1 cm. WT: Wild-type, Untr: Untreated
AslNeo/Neo mouse, GT: Gene therapy-injected AslNeo/Neo mouse.
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Weight measurement showed a rapid (Figure 94A) and long-lasting (Figure 94B)
improvement in adult-injected compared to untreated AslNeo/Neo mice, although this
never reached the weight of wild-type animals. In neonatally-injected AslNeo/Neo mice,
the weight was similar to wild-type animals up until 2 weeks of age however this was
not sustained and became similar to that of untreated animals from 5 weeks of life
onwards (Figures 94C, 94D). A significant difference in weight between neonatallyinjected and untreated AslNeo/Neo mice was observed between day 10 and day 30 of
life (Figure 94C). Growth velocity showed a maintained peak of growth in the 2
weeks following the injection of gene therapy in adult-injected animals (Figure 94E).
In neonatally-injected mice, the growth speed was similar to wild-type animals until
day 15 of life (Figure 94E), consistent with measured weight (Figure 94C).

7.3.3 Fur phenotype

Sparse, brittle fur, called trichorrhexis nodosa, is a salient characteristic of untreated
AslNeo/Neo mice. In adult-injected mice in parallel with growth improvement, the fur
pattern dramatically and sustainably improved compared to untreated AslNeo/Neo mice
(Figure 95). The correction of the fur phenotype was observed within 2 weeks after
gene therapy injection (Figure 95A). An improvement was observed in the hair shaft
becoming more straight and regular, the medulla becoming wider and the restoration
of the ability to grow and form physiological tips (Figures 95B-D). In neonatallytreated AslNeo/Neo mice, improvement of the fur phenotype was also apparent however
this was only transient ending at the end of the first month of life.
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Figure 94. Growth of gene therapy-injected AslNeo/Neo mice compared to
wild-type and untreated AslNeo/Neo mice
(A, B) Mean growth of adult-injected AslNeo/Neo mice (n=5) compared to WT (n=11)
and untreated AslNeo/Neo mice (n=19) over (A) the first 2 months of life and (B) 12
months. (C, D) Mean growth of neonatally injected AslNeo/Neo mice compared to WT
(n=31) and untreated AslNeo/Neo mice (n=41) (C) during the first month of life (n=13)
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and (D) over 9 months (n=7). (E) Growth velocity during the first 2.5 months of life in
all groups. Horizontal lines display mean ± standard deviation. Two-tailed unpaired ttest ** p<0.01, *** p<0.001, neonatally-injected compared to untreated AslNeo/Neo
mice. # 30% and ## <15% of untreated AslNeo/Neo mice still alive. Blue and purple
arrows indicate adult- and neonatal-injections, respectively.

Figure 95. Correction of the fur pattern in adult-injected injected AslNeo/Neo
mice
(A) 30-days old AslNeo/Neo mouse before (left panel) and 15 days after (right panel) a
single intraperitoneal injection of AAV8.EFS.mASL vector. (B, D) Representative
images of hair from a 3 month-old WT, untreated and adult-injected AslNeo/Neo mouse.
Scale bars: (B, D) 500 μm; (C) 125 μm; n=3.
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7.4 Effect on the urea cycle
7.4.1 Hepatomegaly
At time of sacrifice either for humane endpoints in sick mice or at the end of
experiments, liver and body weight were recorded. Hepatomegaly, a feature of the
liver disease in AslNeo/Neo mice was improved in 2 adult-injected mice (out of 5), with
values of the ratio of liver/body weight being similar of those of wild-type animals.
However this was not observed in the other adult- or neonatally-injected animals
(Figure 96).

Figure 96. Hepatomegaly
Liver/body mass ratio in wild-type (n=18), untreated (n=23), adult-injected (n=5) and
neonatally-injected AslNeo/Neo mice (n=4) of liver/body weight ratios at time of culling.
Horizontal lines display the mean ± standard deviation. One-way ANOVA with
Dunnett’s post-test compared to untreated AslNeo/Neo mice; *** p<0.001.
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7.4.2 Biomarkers
Various biomarkers of urea cycle activity demonstrated a robust long-term correction
of the urea cycle in adult-treated but only partially in neonatally-treated AslNeo/Neo
mice (Figure 97).
At one-month post gene therapy, plasma ammonia levels had normalised in both
adult- and neonatally-injected groups compared to untreated AslNeo/Neo mice (Figure
97A) and persisted until sacrifice in both groups (Figure 97B). A progressive
increase of ammonaemia in both treated groups likely reflects the progressive loss of
transgene copies caused by hepatocyte turnover, however increasing ammonia
levels remained in therapeutic values (< 100 μM). Plasma argininosuccinic acid
levels were significantly decreased at one month post gene therapy in adult-injected
but not in neonatally-injected mice compared to untreated AslNeo/Neo mice; this effect
in adult-treated mice persisted over time (Figures 97C & 97D, respectively). Arginine
levels in dried blood spots were significantly increased at one month post gene
therapy in adult-injected but not in neonatally-injected mice compared with untreated
AslNeo/Neo mice although plasma levels of the two groups had converged by the end of
the study (Figures 97E & 97F, respectively). At one month post gene therapy,
citrulline levels in dried blood spots were significantly lower in adult-injected
compared with uninjected and neonatally-injected AslNeo/Neo mice although there was
no difference between groups at the end of the study since citrulline levels in
AslNeo/Neo mice progressively decreased (Figures 97E & 97F, respectively). As
described in Section 1.2.2, plasma glutamate and glutamine represent a buffer
system in case of elevated levels of ammonaemia. In adult-injected and neonatallyinjected mice, these levels in dried blood spots were not significantly different from
wild-type animals at one-month post gene therapy injection although these levels are
significantly increased in untreated AslNeo/Neo mice (Figure 97I). This correction of
glutamate and glutamine levels however was no longer observed in neonatallyinjected mice at 3 months post-injection, although ammonia levels remained normal
(Figure 97J). This indicates that the long-term ureagenesis in neonatally-treated
animals was just sufficient to maintain the levels of ammonia within physiological
ranges with the help of this glutamate-glutamine buffer pathway. In adult-treated
animals, glutamate and glutamine levels in dried blood spots were not significantly
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different from wild-type levels, except at 12 months after gene therapy injection,
contemporary to the progressive mild increase of ammonia levels attributed to
progressive loss of liver transgene copies (Figure 97J).
Urinary orotic acid levels were significantly increased in AslNeo/Neo mice at 3 and 10
weeks of age compared with wild-type mice (Unpaired two-tailed t-test, p<0.0001 and
p=0.003, respectively; analysis of log-transformed data at 3 weeks of age due to nonnormality of the data) (Figure 97K). It is noteworthy that values of orotic aciduria at 3
weeks of age in AslNeo/Neo mice segregated into 2 groups, one with high
concentrations in mice which died in the following week before 1 month of age, and a
second group of animals with lower concentrations, which survived for longer.
Therefore values at 10 weeks of age appear to improve in untreated AslNeo/Neo mice
as the sicker ones have already died (Two-tailed unpaired t-test, p=0.04) (Figure
97K). In both treated groups, although no difference in mean concentrations of orotic
acid was observed compared to surviving untreated mice, it is interesting that this
parameter normalised in 2 adult-treated animals (Figure 97K).
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Figure 97. Biomarkers of the urea cycle
Measurement of biomarkers in wild-type (n=5-18), untreated (n=6-14), adult-injected
(n=4-5) and neonatally-injected AslNeo/Neo mice (n=3-6) of (A, B) Plasma ammonia
levels (A) at 1 month post gene therapy injection and (B) over time; (C, D)
argininosuccinic acid levels in dried blood spots (C) at 1 month post gene therapy
injection and (D) over time; (E, F) arginine levels in dried blood spots (E) at 1 month
post gene therapy injection and (F) over time; (G, H) citrulline levels in dried blood
spots (G) at 1 month post gene therapy injection and (H) over time; (I, J) glutamate
and glutamine levels in dried blood spots (I) at 1 month post gene therapy injection
and (J) over time, (K) urine orotic acid at 3 and 10 weeks of age. Horizontal lines
display the mean ± standard deviation. One-way ANOVA with Dunnett’s post
correction compared to wild-type mice; ns: not significant, * p<0.05, ** p<0.01, ***
p<0.001. M: months. (B, D, F, H, J) the timeline presented in axis corresponds to the
time after gene theraoy injection (in months).
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Plasma alanine aminotransferase (ALT) levels were assessed at time of culling and
were not significantly different from wild-type values in both adult- and neonatallyinjected AslNeo/Neo mice (Figures 98A, 98B). Plasma creatinine levels, which were
measured as a valuable endpoint in 2 month-old mice (See Section 5.2.3), did not
show any differences between wild-type, untreated and both treated AslNeo/Neo mice,
when measured in surviving older untreated AslNeo/Neo mice (Figures 98C, 98D).
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Figure 98. Alanine aminotransferase activity and creatinine concentrations
in wild-type and AslNeo/Neo mice
Measurement of alanine aminotransferase activity and creatinine in plasma of wildtype (n=13-18), untreated (n=5-12), adult-injected (n=4-5) and neonatally-injected
AslNeo/Neo mice (n=4). (A, B) plasma alanine aminotransferase levels (A) at 9-12
months of age and (B) over time; (C, D) plasma creatinine levels (C) at 9-12 months
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of age and (D) over time. Horizontal lines display the mean ± standard deviation.
One-way ANOVA with Dunnett’s post-test compared to wild-type mice except for (B)
at time point M2 where two-tailed unpaired t-test was used; ns: not significant, *
p<0.05, *** p<0.001. (B, D) Colours indicate the outcome of the statistical test for
untreated (red), adult-injected (blue) and neonatally-injected (purple) AslNeo/Neo mice
compared to wild-types.

7.4.3 Hepatocyte transduction and ASL enzymatic activity
Residual liver argininosuccinate lyase activity was 14.5 % of wild-type activity in
untreated AslNeo/Neo mice. This increased significantly to 47% and 18.5% in adult- and
neonatally-injected groups, respectively, at the time of harvest (Figure 99A).
Vector genome copy number in liver samples was 0.99 ± 0.32, 0.69 ± 0.07 and 0.1 ±
0.09 in adult-injected, neonatally-injected and untreated AslNeo/Neo mice, respectively
(mean ± standard deviation). The difference was not significant between both treated
groups but significantly higher between both treated groups compared to untreated
AslNeo/Neo mice (One-way ANOVA with Bonferronni post-test, p>0.05, p<0.001 and
p<0.01,

respectively)

(Figure

99B).

Whilst

there

was

a

large

range

of

argininosuccinate lyase activity per vector genome in the adult-injected group, this
was not statistically different to that of the neonatally treated AslNeo/Neo mice (Figure
99C).
Quantification of liver immunostaining against argininosuccinate lyase measured by
an automated method of quantification (see Section 2.7.14) showed significantly
greater staining in the wild-type and the adult-injected group but not in the neonatallyinjected group relative to the untreated AslNeo/Neo mice (One-way ANOVA with
Dunnett’s post-test, p<0.001, p<0.01 and p>0.05, respectively) (Figure 99D).
Following adult injection, expression was predominant in perivenous hepatocytes
whereas after neonatal injection more scattered and sparse expression was
observed (Figure 100).
Haematoxylin and eosin (H&E) staining of liver samples showed cytoplasmic
unstained vacuoles with a diffuse and regular pattern across the hepatic lobule.
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Periodic acid-Schiff (PAS) staining confirmed that these vacuoles were deposits of
glycogen as previously discussed (See Section 5.2.4). This feature was markedly
improved in the 3 adult-injected mice with the highest argininosuccinate lyase
activity, but no improvement was seen in the 2 other adult-injected with lower
residual ASL activity and all neonatally-injected AslNeo/Neo mice (Figure 101).
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Figure 99. Argininosuccinate lyase activity, vector genome copy number
and immunostaining in liver samples
(A) Argininosuccinate lyase activity, (B) vector genome copy number, (C) enzyme
activity per vector genome in liver samples and (D) staining quantification of wildtype, untreated, adult-injected and neonatally-injected AslNeo/Neo mice. Horizontal
lines display the mean ± standard deviation. One-way ANOVA with (A, B) Dunnett’s
post-test compared to untreated AslNeo/Neo mice and (C) Bonferronni post-test; (D)
Two-tailed unpaired t-test; ns: not significant, ** p<0.01, *** p<0.001.
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Figure 100. Liver argininosuccinate lyase immunostaining
Representative images of liver from (A) wild-type, (B) untreated, (C) adult-injected
and (D) neonatally-injected AslNeo/Neo mice stained for argininosuccinate lyase. Scale
bars: 500 μm; n=3 animals per group.
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Figure 101. Microscopic liver architecture
Representative images of liver from wild-type, untreated, adult-injected and
neonatally-injected AslNeo/Neo mice stained with haematoxylin and eosin (H&E)
highlighting

vacuolar

cytoplasmic

deposits

and

periodic

acid-Schiff

(PAS)

demonstrating glycogen deposits. Scale bars are 125 μm (Low Mag) and 500 μm
(High Mag), respectively; n=3 animals per group. Mag: magnification.
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7.5 Effect on the citrulline-nitric oxide cycle in the liver
Liver nitric oxide levels, assessed by analysis of nitrite/nitrate levels, were
significantly lower in untreated AslNeo/Neo mice and neonatally-injected mice but
showed an improvement in adult-injected mice compared with wild-type mice (Figure
102). This suggests that the increase of argininosuccinate lyase activity can partially
restore the nitric oxide production in this organ.
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Figure 102. Liver nitrate/nitrite levels
Liver nitrite/nitrate levels of wild-type, untreated, adult-injected and neonatallyinjected AslNeo/Neo mice. Horizontal lines display the mean ± standard deviation. Oneway ANOVA with Dunnett’s post-test compared to wild-type; ns: not significant, **
p<0.01, *** p<0.001.

7.6 Effect on the citrulline-nitric oxide cycle in the brain
Argininosuccinate lyase activity was measured in the cortical tissue. Activity in both
untreated and adult-injected Asl

Neo/Neo

mice were both significantly lower than that in

wild-type mice (14.1% and 16.2% of wild-type activity, respectively; One-way ANOVA
with Dunnett’s post-test, p<0.01 and p<0.01, respectively). However activity in
neonatally-injected mice was dramatically higher than that of untreated or neonatally289
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treated mice. Activity was lower than, but not significantly different from wild-type
activity (64.8% of wild-type activity, p>0.05) (Figure 103A).
To assess the effect of this increase of argininosuccinate lyase activity on the nitric
oxide metabolism in brains of neonatally-treated AslNeo/Neo mice, tissue nitrite/nitrate
levels were measured. Compared to wild-type brains, nitrite/nitrate levels were higher
in untreated and in adult-injected AslNeo/Neo mice (One-way ANOVA with Dunnett’s
post-test analysis of log-tranformed data, p<0.01 and p<0.01, respectively), but were
not significantly different in neonatally-injected mice (p<0.01) (Figure 103B). To
investigate the physiological nitric oxide-cGMP pathway, cGMP levels in brain
homogenates were quantified. No significant difference was seen between
experimental groups although cGMP levels in untreated and adult-injected groups
were increased compared to wild-type mice (One-way ANOVA with Dunnett’s posttest of log-tranformed data, p>0.05 and p>0.05, respectively) (Figure 103C). In the
neonatally-injected group, amounts of cGMP detected were particularly variable
ranging from near undetectable levels similar to those observed in wild-types to
extremely high values, with no significance compared to wild-types (p>0.05) (Figure
103C).
To study if the decrease of nitrite/nitrate levels was correlated with a modification of
the oxidative/nitrosative stress, cortical immunostaining against nitrotyrosine was
performed (Figure 104). Quantification showed that, compared to wild-type mice, a
significantly greater area of staining was observed in untreated and adult-injected Asl
Neo/Neo

mice (One-way ANOVA with Dunnett’s post-test, p<0.05 and p<0.01

respectively). In contrast, staining in neonatally-injected animals, which was reduced,
was not statistically different compared to wild-types (One-way ANOVA with
Dunnett’s post-test, p>0.05) (Figure 103D).
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Figure 103. Cortical argininosuccinate lyase activity and nitric oxide
metabolism in brain
(A) Cortical argininosuccinate lyase activity. (B) Nitrite/nitrate concentration and (C)
cGMP levels in brain homogenates. (D) Computational quantification of nitrotyrosine
immunostaining. Horizontal lines display the mean ± standard deviation. (A-D) Oneway ANOVA with Dunnett’s post-test compared to wild-types: ns - not significant; *
p<0.05; ** p<0.01. WT n=3-8; untreated AslNeo/Neo n=3-6; adult-injected AslNeo/Neo n=35; neonatally-injected AslNeo/Neo n=3-5. cGMP: cyclic guanosine monophosphate.
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Figure 104. Cortical nitrotyrosine immunostaining
Representative images of nitrotyrosine-stained sections of cortex in (A, B) wild-type,
(C, D) untreated, (E, F) adult-injected and (G, H) neonatally-injected AslNeo/Neo mice
(n=3 animals per group). Scale bars of low and high magnification: 500 and 125 μm,
respectively.
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7.7 Functional impact on motor and neurological functions
7.7.1 Behaviour
Two behavioural tests identified previously as discriminant between wild-type and
AslNeo/Neo mice (see Section 5.3.1) were performed to assess the effect of gene
therapy on both treated groups.
The open field test was assessed at 2 months of age for all groups. There was a
significant reduction in the walking distance in the untreated AslNeo/Neo mice and an
improvement in both treated groups with a greater effect evident in the adult-injected
than in the neonatally-injected group (One-way ANOVA with Dunnett’s post-test,
p<0.001, p<0.05 and p<0.01, respectively) (Figure 105A).
Latency to fall from an accelerating rotarod was also measured at 2 months of age.
Compared to wild-type mice, latency was significantly reduced in untreated AslNeo/Neo
mice but were not significantly different in both adult- and neonatally-injected groups
(One-way ANOVA with Dunnett’s post-test, p<0.05, p>0.05 and p>0.05, respectively)
(Figure 105B).
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Figure 105. Behavioural testing
(A) Open field test and (B) accelerating rotarod performed in 2 month-old mice.
Horizontal lines display the mean ± standard deviation. (A, B) One-way ANOVA with
Dunnett’s post-test compared to wild-type mice: ns - not significant, * p<0.05, **
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p<0.01, *** p<0.001. Wild-type n=20-22; untreated AslNeo/Neo n=8-9; adult-injected
AslNeo/Neo n=5-6; neonatally-injected AslNeo/Neo n=5-6. WT: Wild-type.

7.7.2 Cell death in the brain
Cell death was assessed by terminal deoxynucleotidyl transferase dUTP nick endlabeling (TUNEL) staining. Compared with wild-type mice, there was a dramatic and
significant increase in the cortex of untreated AslNeo/Neo mice; there was a smaller, but
nonetheless significant reduction in adult-treated AslNeo/Neo mice (One-way ANOVA
with Dunnett’s post-test of log-tranformed data, p<0.001 and p<0.05, respectively)
(Figures 106A, 106B). In neonatally-injected animals, there was no significant
difference compared to wild-type mice (p>0.05) (Figure 106B).
In the cerebellum, a significant higher rate of cell death was noted in untreated
AslNeo/Neo mice compared to wild-type mice whilst this parameter was not significantly
elevated in both treated groups compared to wild-types (One-way ANOVA with
Dunnett’s post-test of log-tranformed data, p<0.01, p>0.05 and p>0.05, respectively)
(Figures 106C, 106D).
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Figure 106. TUNEL staining in the cortex and the cerebellum
(A) Representative images of TUNEL positive cells in the cortex of an untreated 25
day-old AslNeo/Neo mouse. (B) Counting of TUNEL positive cells in the cortex at time
of culling in wild-type (aged 9 - 12 months; n=3), untreated (aged 21 days - 12
months; n=9), adult- (aged 12 months; n=3) and neonatally-injected AslNeo/Neo mice
(aged 9 months; n=3). (C) Representative images of TUNEL positive cells in the
cerebellum

of

a

35

day-old

untreated

AslNeo/Neo

mouse

symptomatic

of

hyperammonaemia and culled for humane endpoint. (D) Counting of TUNEL positive
cells at time of culling in the cerebellum of wild-type (aged 9 - 12 months; n=3),
untreated (aged 21 days - 12 months; n=3), adult- (aged 12 months; n=3) and
neonatally-injected AslNeo/Neo mice (aged 9 months; n=3). Horizontal lines display the
mean ± standard deviation. (B, D) One-way ANOVA with Dunnett’s post-test
compared to wild-type mice: ns - not significant, * p<0.05, ** p<0.01, *** p<0.001.
Scale bars: 500 μm and 125 μm in main and inset pictures, respectively. WT: Wildtype. For each sample, counting of TUNEL positive cells was performed from 10
random pictures.
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7.8 Discussion
7.8.1 Correction of the urea cycle

Long-term correction of plasma ammonia levels was observed in mice injected as
adults and neonates. This demonstrated the restoration of an ureagenesis pathway
able to successfully detoxify ammonia and normalise or dramatically improve survival
after adult and neonatal injection, respectively. This metabolic effect persisted for 12
and 9 months, respectively. Although plasma ammonia levels rose over time, rising
quicker in the neonatally-injected group, this sustained critical outcome lasted for half
the lifetime of these mice. This is consistent with previous studies demonstrating
long-term correction after a single systemic injection of AAV-mediated gene therapy
in animal models of liver inherited metabolic diseases including urea cycle defects,
organic acidurias, phenylketonuria, glycogen storage disease type Ia, long chain fatty
acid oxidation disorders, homozygous familial hypercholesterolemia, primary
hyperoxaluria type I, and progressive familial intrahepatic cholestasis (220, 221,
240). Plasma alanine aminotransferase levels were sustainably improved in both
treated groups suggesting that this control of ammonia levels had a direct impact on
liver pathophysiology.
Adult-injected AslNeo/Neo mice exhibited a more complete correction of the urea cycle
and the liver disease, although variability between animals was apparent in the longterm. Various parameters were much improved in all animals including growth, fur
pattern, plasma amino acids but others like orotic aciduria and clearance of liver
glycogen deposits were only normalised in some animals. Disease-specific
biomarkers similarly to clinical signs depend on the level of residual enzymatic
activity. For example, controlling orotic aciduria in the Spfash mouse model, a model
of ornithine transcarbamylase deficiency, required 5 times more vector and a much
higher residual ornithine transcarbamylase activity compared to that necessary to
normalise ammonaemia (308). In this respect, our study adds more knowledge about
the hierarchisation of biomarkers in the phenotype of argininosuccinic aciduria.
Ammonaemia can be normalised with 18% of wild type liver activity of
argininosuccinate lyase, which are the mean values in neonatally-treated mice.
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Plasma amino acid levels and orotic aciduria require a liver argininosuccinate lyase
activity >39%, i.e. at least twice the level of activity required to control ammonaemia.
The spontaneous reduction of orotic aciduria observed between 3 to 10 weeks in
untreated Asl

Neo/Neo

mice might be explained by the fact that the 3 weeks time point

is contemporary to a high metabolic stress caused by weaning. Weaning is
associated with temporary reduction in food intake, which can precipitate a
hyperammonaemic crisis. Orotic acid shows higher levels in early-onset patients
compared to late-onset patients in urea cycle defects such as ornithine
transcarbamylase deficiency (486). This suggests that orotic aciduria levels are
correlated with the severity of hyperammonaemia. At 10 weeks, surviving animals
should be at a more compensated metabolic state, therefore with reduced levels of
orotic aciduria.
The fur phenotype observed in argininosuccinate lyase and argininosuccinate
synthase deficient mice is likely caused by hypoargininaemia as arginine represents
up to 10% of hair composition (18). The long-term phenotypic improvement of the fur
in adult-injected mice is in accordance with measured arginine levels.
The pattern of hepatocyte transduction shows a preferential pattern of transduction in
perivenous hepatocytes. This has been documented with systemic AAV8-mediated
gene therapy in various species such as mice and dogs (See Section 1.3.6) (293,
300).
The variability of the phenotypic correction observed in adult-injected animals at 12
months

post

injection

was

correlated

with

the

liver

residual

activity

of

argininosuccinate lyase ranging from level similar to those seen in untreated
AslNeo/Neo mice to those seen in wild-type mice. This might be partly explained by
difficulties in the reproducibility of delivery by intraperitoneal injection. Some work has
highlighted the risk of error in the technique of intraperitoneal injection from 10 to
20% with misplacement of the needle causing intracaecal, intracystic, subcutaneous,
intravascular, intragastric or intravascular injections (487, 488). Insufficient dilution
can also cause a trapping in the peritoneal cavity, which prevents uniform uptake
through the mesenteric veins (489). This is even more appropriate in this work as
untreated AslNeo/Neo mice are smaller with a thick skin, which increases the risk of
errors. Vector administered in the adult-injected group came from 2 different batches
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of vectors, produced and titrated similarly as presented in Section 2.13.4. However
an error margin might exist in the process of titration and could cause some
differences in the titer administered.
The physiological activity of the urea cycle prevails in periportal hepatocytes
according to the metabolic zonation of the liver (2). Although this pattern of liver
transduction observed in the adult-injected group does not match this physiological
activity, this does not prevent a successful correction of the pathway. As predicted
from previous studies (169, 239), a single neonatal injection was not sufficient to fully
correct the phenotype as the mice reached adulthood. Neonatally-injected AslNeo/Neo
mice displayed a transient correction of the macroscopic phenotype including fur and
growth within the first couple of weeks after injection only. Since the liver mass
increases and multiplies by 30 fold during the first 8 weeks of life (239), this
temporary correction is likely caused by the loss of the episomal transgene copies. It
is acknowledged that systemic neonatal delivery allows the persistence of 4-8% of
transduced hepatocytes (239). These results are in line with previous successful
experiments using AAV8-derived vectors in neonatal murine models of urea cycle
defects, which showed a loss of efficacy after the first weeks of life (300, 304, 305).
However in this thesis, neonatally treatment normalised ammonaemia, which is
intriguing. This is likely to be multifactorial. The AslNeo/Neo mouse model is
hypomorphic with a high residual argininosuccinate lyase activity. Therefore the
increase required to reach the threshold necessary to control ammonia levels is
lower compared to a knockout animal model. Argininosuccinic acid as the
accumulating biomarker of the disease enables the excretion of two nitrogen moities,
which partly excretes nitrogen in bypassing the final steps of ureagenesis. This is
also observed in another distal urea cycle defect, arginase deficiency, in which the
excess of arginine allows the excretion of the 2 nitrogen residues. The EFS promoter
has a strong promoter activity and is less subject to methylation and silencing (470).
Its diffuse pattern of liver transduction driving a high persisting transgene expression
5 weeks after a single systemic neonatal injection is another advantage observed
during the experiment validating the vector construct (See Section 6.3.2). Previous
publications regarding urea cycle defects have shown that a modest increase in the
residual activity of the enzyme can have a significant clinical impact on the
phenotype. AAV-mediated gene therapy in an arginase-deficient mouse showed that
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a minimal ureagenesis of 3.3% of wild-type levels was enough to restore survival and
to reduce ammonia levels partially (307). Similarly, a small increase in liver enzyme
activity (as little as 3%) has already been shown to result in a less severe phenotype
in ornithine transcarbamylase deficiency, the most common urea cycle defect (490).
Extrapolating recently published results of a liver-directed clinical trial for acute
intermittent porphyria (188), it has been suggested that non-integrated episomes may
have a potentially reduced transgene expression compared to endogenous
chromosomal alleles (213). This may also explain the difficulty to normalise orotic
aciduria as observed in ornithine transcarbamylase deficient mice (294).

7.8.2 Correction of the citrulline-nitric oxide cycle

Adult-injected mice resulted in a small but significant increase in liver nitrite/nitrate
levels, compared to untreated AslNeo/Neo mice. The argininosuccinate lyase activity
required to achieve this is relatively high as this improvement was not observed in
neonatally-injected mice. As low levels of reduced glutathione are observed in
untreated AslNeo/Neo mice, it suggests that oxidative stress is a part of the liver
pathophysiology. This finding is in line with previous reports assessing the
pathophysiology of argininosuccinic aciduria in this AslNeo/Neo mouse demonstrating
systemic nitric oxide deficiency (32) and increased oxidative stress (85).
Improvement of nitric oxide deficiency should theoretically decrease this toxicity
although parameters looking at oxidative stress have not been appropriately tested in
liver samples of both gene therapy-injected groups. Besides correction of
ureagenesis, this partial correction of nitric oxide deficiency in the liver is of particular
interest as this shows the dual corrective effect of argininosuccinate lyase activity on
both metabolic pathways, the urea and the citrulline-nitric oxide cycles.
In the brain, argininosuccinate lyase activity in the cortex of the neonatally-injected
AslNeo/Neo mice was found to be significantly increased compared to both untreated
and adul-injected groups. As this vector construct targets neurons specifically as
shown in Section 6.3.3, we can conclude that a single systemic neonatal injection
allows a sustained correction of the neuronal argininosuccinate lyase activity up to at
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least 9 months of age. This enzymatic increase dramatically reduces the
nitrosative/oxidative stress, displaying a massive reduction in nitrite/nitrate levels in
the brain and nitrotyrosine staining in the cortex. However the disturbed nitric oxide
metabolism observed in the AslNeo/Neo mouse was not modified in the adult-injected
group, which achieved the most complete correction of the urea cycle. Therefore this
oxidative/nitrosative stress in the brain is not caused by hyperammonaemia, but can
be accounted for as a direct consequence of the disturbed in situ nitric oxide
metabolism caused by cerebral argininosuccinate lyase deficiency. As observed in
Section 5.3.2, staining for nitrotyrosine, and the neuronal and inducible nitric oxide
synthases occurs essentially within neurons. The vector construct used was also
shown to specifically target neurons (Section 6.3.3). Thus correcting the neuronal
activity

of

argininosuccinate

lyase

can

successfully

overcome

this

oxidative/nitrosative stress.

7.8.3 Pathophysiology of the brain disease in argininosuccinic
aciduria
A dual neuropathophysiological mechanism
Compared to other urea cycle defects, the neurological disease in argininosuccinic
aciduria is a paradox as this disease shares with arginase deficiency the lowest rate
of hyperammonaemic decompensations but has the highest rate of neurological
complications, which include neurocognitive delay, abnormal neuroimaging, epilepsy,
ataxia.
There is no doubt that hyperammonaemia causes severe neurological symptoms in
AslNeo/Neo mice as observed for example at time of weaning when most of the
untreated animals die. The mice are ataxic, easily falling down, exhibiting repetitive
behaviour with redundant circle motion, and later will look prostrated, lethargic, and
refuse to move. At this stage, these animals were culled for humane endpoints.
Concomitant ammonaemia levels were systematically very high. This is in
accordance with observations in patients affected with argininosuccinic aciduria. The
correction of ureagenesis fully amended these neurological signs in treated AslNeo/Neo
mice.
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In the brain, hyperammonaemia increases extracellular glutamate, which generates
nitric oxide production and oxidative stress via expression of neuronal and inducible
nitric oxide synthases (39). Glutamate-mediated neuronal toxicity is mediated by
cGMP (491). In our study, oxidative stress observed in untreated AslNeo/Neo mice was
associated with high levels of cGMP compared to wild-type mice. However as
increased cGMP is persisting in the adult-treated group, which has normal
ammonaemia and plasma glutamate/glutamine levels, this finding is very unlikely to
be caused by glutamate toxicity.
However the oxidative/nitrosative stress, observed as a hallmark of the
neuropathology in this mouse model, was not modified by correction of
hyperammonaemia only, as observed in the adult-injected group. Conversely the
neonatally-injected group displayed a long-term correction of plasma ammonia levels
and neuronal argininosuccinate lyase activity in the cortex, which was concurrent
with a marked decrease of the oxidative/nitrosative stress. Therefore this
demonstrates that the oxidative/nitrosative stress seen in ASL deficiency is
independent of hyperammonaemia.

Functional benefits in correcting the neuropathophysiology
Further experiments were performed to assess the functional effect of these
pathophysiological mechanisms. Behavioural testing showed significantly reduced
activity in untreated AslNeo/Neo mice for open field test and accelerating rotarod. In the
open field test, both treated groups showed a significant improvement, which was
slightly better in the adult-treated group. This suggests that the improvement of
performance tested is closely linked to ammonia levels. On the rotarod, again both
treated groups exhibited an advantage over untreated AslNeo/Neo mice, but this effect
was significantly higher in the neonatally-treated group, suggesting that this test
assessed a performance based on a combination of both neuropathological
mechanisms, hyperammonaemia and cerebral oxidative/nitrosative stress.
Assessment of cell death in the cortex and cerebellum showed a significant reduction
in both treated groups compared to untreated AslNeo/Neo mice, confirming the
paramount role of hyperammonaemia in causing this feature. However, in the cortex,
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a further significant reduction was observed between adult- and neonatally-injected
groups suggesting an ancillary role of disturbed nitric oxide metabolism in this
process. This was not observed in the cerebellum. This could be explained by the
compartimentalisation of this pathophysiological mechanism. Indeed, nitrite/nitrate
levels of untreated AslNeo/Neo mice in different areas of the brain did show increased
levels in the cortex, the midbrain but not in the cerebellum when compared with wildtype mice (See Section 5.3.3), insinuating that nitric oxide metabolism is less
affected in this area of the central nervous system. Moreover, our vector construct
has shown very poor transduction of the cerebellum (See Section 6.3.3). Therefore,
it might not be surprising that no beneficial effect is observed in cell death rates in the
cerebellum of neonatally-treated group compared to the adult-treated one.

Neuropathophysiology in argininosuccinic aciduria
Previous clinical reports have hypothesised that disturbed nitric oxide metabolism is
a potential cause of the neurological disease seen in patients with argininosuccinate
lyase deficiency (85, 337). The neurological phenotype of the AslNeo/Neo mouse model
had not been described before to help in clarifying this assumption.
In AslNeo/Neo mice brains, an increase of nitric oxide (assessed by nitrite/nitrate levels)
and cGMP concentrations suggested a persisting physiological up-regulation of the
nitric oxide/cGMP pathway, which is observed with appropriate coupling of nitric
oxide synthase (See Section 5.3.3) (423). This nitric oxide/cGMP pathway is strongly
neuroprotective especially with regards to oxidative stress (492, 493).
However this increase of nitric oxide levels can also be associated with oxidative
stress and increased production of reactive oxygen species, especially the
superoxide ion and peroxynitrite (See Section 1.2.2). Peroxynitrite nitrates tyrosine
residues, resulting in the formation of 3-nitrotyrosine, a feature of nitrosative/oxidative
stress (See Section 5.3.3) (424). This process is highly selective involving specific
tyrosine residues in selected proteins and can significantly affect the protein structure
and function resulting in decreased enzymatic activity, enabling protein aggregation
or triggering immune response (494-496). The generation of these reactive oxygen
species can occur in the case of uncoupling of nitric oxide synthase, a process
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facilitated by reduced tissue arginine and associated with an increase of systemic
biomarkers of oxidative stress (85). Peroxynitrite is a powerful damaging compound,
which subsequently contributes to the decrease of antioxidants, the inhibition of the
respiratory chain and the opening of the permeability transition pore and cell death
(425). In this study, the increase of both nitrite/nitrate levels and neuronal
nitrotyrosine staining account for this oxidative/nitrosative stress likely caused by low
tissue arginine levels and nitric oxide synthase uncoupling. Previous publications
have suggested that oxidative stress could play a role in the neuropathophysiology in
urea cycle defects associated with reduced tissue arginine via a neuronal disease
(497). In argininosuccinic aciduria, nitric oxide synthase coupling and uncoupling
might co-exist in the brain and both the physiological pathway and oxidative stress
contribute to the increase of nitrite/nitrate levels (Figure 107).

Figure 107. Proposed pathophysiology involved in the brain disease of
AslNeo/Neo mice
(A) Coupled nitric oxide synthase (NOS) produces nitric oxide generating cGMP
production. (B) Low L-arginine causes nitric oxide synthase uncoupling and produces
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superoxide ions (O2-), which will generate the production of peroxynitrite (ONOO-).
Peroxynitrite causes oxidative/nitrosative stress with production of nitrotyrosine and
nitrite (NO2-) after detoxification of peroxynitrite by reduced glutathione (GSH).
Oxidative/nitrosative stress will impair the respiratory chain, alter the energy
production of the cell and lead to cell death. Neurons are particularly vulnerable as
they cannot increase their production of glutathione adequately, and rely on an
astrocytic supply. Red arrows represent modified measured parameters in AslNeo/Neo
compared to wild-type mice. cGMP: cyclic guanosine monophosphate, GSH: reduced
glutathione, GSSG: oxidised glutathione, NO: nitric oxide, NO2-: superoxide ion,
ONO2-: peroxynitrite, NOS: nitric oxide synthase.

The reality might be more complex and depends on cell type (498, 499), brain region
and microenvironment (500). Precise mapping of the different changes in nitric oxide
metabolism in the brain of AslNeo/Neo mouse is likely to be a difficult task. In this study,
differences in nitrite/nitrate levels between wild-type and untreated AslNeo/Neo mice
were highlighted in some regions (cortex, midbrain) but not in the cerebellum (See
Section 5.3.3). These differences will apply to different cell types as well.
Peroxynitrite has been shown having physiological properties in the presence of
reduced glutathione and using cGMP as a signalling molecule (501), being involved
in the relaxation of vascular smooth muscle (502, 503) and inhibition of platelet
aggregation (504). In this work, no evidence of neuroinflammation was observed in
astrocytes and microglial cells, as assessed by immunostaining for GFAP and CD68,
respectively (See Section 5.3.3). Thus it seems that neurons are the main cell type
affected by argininosuccinate lyase deficiency and that these are involved in the
pathophysiology, with overexpression of both neuronal and inducible nitric oxide
synthases and showing nitrosative/oxidative stress with nitrotyrosine staining.
Neurons are more vulnerable to oxidative stress compared to astrocytes in vitro, as
they cannot overexpress gamma glutamylcysteine synthetase, an enzyme required
to replenish the intracellular reduced glutathione pool (GSH). Therefore they rely on
the paracrine glutathione supply from astrocytes when exposed to reactive oxygen
species (498). This might explain the apparent massive neuronal staining observed
for

nitrotyrosine

and

the

efficacy

of

neuron-targeted

gene

therapy.

This

peroxynitrite/nitrotyrosine pathway has been previously involved in various
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neurodegenerative diseases: Parkinson’s disease (505), Alzheimer’s disease (506,
507) and amyotrophic lateral sclerosis (508, 509).
This dual or “ambiguous” role of nitric oxide has been highlighted in various studies
regarding the physiology of the central nervous system (510, 511). The regulation of
the

shift

from

cGMP-mediated

neuroprotection

to

oxidative

stress-related

neurotoxicity and back is a subtle balance between two opposing roles, which results
in cell survival or damage/death. This might even be a useful target of
pharmacological modulation (493). This dual role is illustrated in the pathophysiology
of neurodegenerative diseases such as Alzheimer’s disease. Nitrosative stress,
caused by increased expression of inducible nitric oxide synthase in astrocytes and
microglia, facilitates neuroinflammation against the β-amyloid protein and induces the
formation of tau proteins. This is balanced by nitric oxide-mediated neuroprotection
by increasing neuronal excitability in modifying potassium channels activity and
promoting synaptic plasticity (512).
As the nitrosative/oxidative stress in cortical neurons plays a role independent of
hyperammonaemia in the brain disease of AslNeo/Neo mice, the preservation of longterm

neurological

outcome

needs

to

target

both

neuropathophysiological

mechanisms i.e. hyperammonaemia and impaired cerebral nitric oxide metabolism.
This suggests that a therapy targeting only the urea cycle in the liver will not fully
control the brain disease and is unlikely to prevent long-term neurological sequelae.
This is what is observed in patients treated with conventional therapy, which currently
aims to control ammonaemia and hypoargininaemia only (See Section 3.7.3).

7.9 Conclusion

The vector designed in this study has demonstrated its efficacy in correcting the urea
cycle and restoring long-term ureagenesis. This was observed in all treated animals
with normalisation of ammonia levels, although with partial correction in neonatallyinjected AslNeo/Neo mice and some variability in the phenotypic correction over time in
the adult-injected mice.
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Long-term correction of the neuronal disease associated with nitrosative/oxidative
stress was achieved in neonatally-injected mice after systemic neonatal vector
delivery but not in adult-injected mice. This has confirmed that the neuronal disease
is independent from hyperammonaemia.
This provides a better understanding of the pathophysiology and the neurological
phenotype observed in patients affected by argininosuccinic aciduria and confirms
the neurotoxic role of nitric oxide in the neuropathology of the disease as
hypothesised in Chapter 3 (See Section 3.7.2). This illustrates the importance of
revising current therapeutic guidelines, which currently focus only on the urea cycle
defect and do not take into account other pathophysiological mechanisms.
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8. SUMMARY AND FUTURE WORK
As the second most common urea cycle defect, argininosuccinic aciduria, the
inherited metabolic disease caused by argininosuccinate lyase deficiency, has been
studied for nearly half a century now. The paradox of a high prevalence of
neurological symptoms in parallel with a low rate of hyperammonaemic crises has
been questioned. Various putative pathophysiological explanations (See Section
1.2.2) have been proposed. Of these, the deleterious effect of argininosuccinate
lyase deficiency on nitric oxide production has been proven through studies of an
argininosuccinate lyase deficient mouse model, the AslNeo/Neo mouse (32) and the
clinical improvement observed in a patient after nitric oxide supplementation (85).
However the role of hyperammonaemia in the neurometabolic phenotype of the
disease had remained still largely controversial and unknown.

8.1 Expansion of the clinical and genetic spectrum of
argininosuccinic aciduria

As discussed in Section 1.2.3, argininosuccinic aciduria is a multi-organ disease.
The current therapeutic guidelines recommend treatment aimed to control
hyperammonaemia and hypoargininaemia. A combination of protein-restricted diet,
ammonia lowering drugs and arginine supplementation was suggested to provide a
better neurological outcome when started in the first months of life after newborn
screening (See Section 1.2.8) (15, 17, 95).
Chapter 3 further delineates the natural history of this disorder, studying a large
cohort of 56 British patients with argininosuccinic aciduria and documents the longterm impact of early conventional treatment. This has expanded the neurological and
systemic spectrum of the disease, detailing the main neurological symptoms:
neurocognitive

impairment,

epilepsy,

myopathy-like
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Neuroimaging has highlighted the high rate of focal infarcts, abnormal white matter
signal in T2 sequence and abnormal creatine and guanidinoacetate in white matter.
Nodular heterotopia, a previously unreported feature, has also been documented.
Overall, the long-term neurological outcome was not significantly different between
patients with early- or late-onset argininosuccinic aciduria and patients screened
neonatally and those treated early (See Section 3.3).
A broader systemic spectrum was described with unreported gut and kidney
symptoms. Unlike the neurological aspects of the disease the natural history of the
systemic features is more clearly defined with regard to age of onset of symptoms,
which displayed the progressivity of the phenotype (See Section 3.4). Biomarkers
like plasma ammonia, argininosuccinic acid, and alanine aminotransferase presented
with higher levels in early- rather than in late-onset patients (See Section 3.5).
hASL sequencing was performed for 6 patients and data were available for 19
patients. Twenty mutations (8 novel) were found, which allowed the assessment of a
phenotype-genotype correlation. This was supported for some of the mutations by
the structural or functional analysis reported in the literature (See Section 3.6).
The key finding of this study was the demonstration that the neurological outcome
was independent from the severity of hyperammonaemia irrespective of the age at
treatment onset (See Section 3.7.1).

8.2

Oxidative/nitrosative

stress

not

mediated

by

hyperammonaemia causes a neuronal disease
This study provides new insight into the neuropathophysiology of the brain disease in
argininosuccinic aciduria. As described in Chapter 5, the AslNeo/Neo mouse shows
evidence of cerebral oxidative stress and nitrosative stress in cortical neurons.
Increased levels of all isoforms of nitric oxide synthase are observed in neurons for
neuronal and inducible nitric oxide synthases, and endothelial cells for endothelial
nitric oxide synthase (See Section 5.3.2). This is consistent with high levels of nitric
oxide metabolites promoting oxidative stress and generation of reactive oxygen
308

Chapter 8 - Conclusion
species such as peroxynitrite (See Section 5.3.3). Peroxynitrite nitrates tyrosine
residues, forming nitrotyrosine, a hallmark of nitrosative stress (See Section 5.3.2).
As hyperammonaemia pathophysiology causes cerebral oxidative stress (See
Section 1.2.2), the brains of mice, in which ammonaemia had normalised due to
treatment by AAV-mediated gene therapy, were analysed (Chapter 7). This revealed
persistence of oxidative/nitrosative stress in neurons in mice with correction of
hyperammonaemia only. However this neuronal disease was dramatically improved
after normalisation of hyperammonaemia and significant improvement of neuronal
argininosuccinate lyase activity (See Section 7.6). Therefore this neuropathological
feature was proven not being mediated by hyperammonaemia.
Based on further experiments presented in Section 7.7, a balance between the
physiological and neuroprotective nitric oxide/cGMP pathway and the nitric oxidemediated neurotoxicity caused by oxidative stress was proposed to account for the
neuropathology of the disease. This disease-causing mechanism is common to
various neurodegenerative disorders (See Section 7.8.3).

8.3 ASL gene transfer, a new therapy for argininosuccinic
aciduria
8.3.1

Proof

of

concept

of

AAV-mediated

gene

therapy

in

argininosuccinic aciduria
Acknowledging the need for alternative therapies in argininosuccinic aciduria (See
Section 3.7.3), the recent achievements of gene therapy in liver inherited metabolic
diseases (See Section 1.3.3) especially for urea cycle defects (See Section 1.3.7)
supported the development of a similar approach.
As illustrated in Chapter 6, an AAV8-derived vector construct was designed to target
hepatocytes and cerebral neurons and deliver a transgene cassette containing the
murine Asl gene. Neonatal injections of this vector validated its ability to target the
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desired cell types efficiently until adulthood. A mass spectrometry-based method
presented in Chapter 4 was developed to accurately measure efficacy endpoints for
this gene therapy experiment, i.e. amino acid levels in dried blood spots and
argininosuccinate lyase activity in liver and brain samples. The AAV vector was
injected systemically in either adult or neonatal AslNeo/Neo mice and followed over 12
and 9 months, respectively. The results presented in Chapter 7 showed successful
correction of the urea cycle and restoration of ureagenesis, although in some of the
adult-treated mice only partial correction was observed, and minimal correction in
neonatally-treated animals (See Section 7.4). Adult-treated animals had a mild but
significant correction of the citrulline-nitric oxide cycle in the liver as well (See
Section 7.5). In the brain of neonatally-treated AslNeo/Neo mice, a dramatic reduction
of the neuronal disease was observed, but this was not observed in adult-treated
animals (See Section 7.6). The improvement of behavioural testing and protection
against cell death in the brain were observed in both adult- and neonatally-injected
groups with the latter being more marked in the brain of neonatally- compared to
adult-injected mutants (See Section 7.7). These data suggest that these beneficial
effects are mediated by correction of both pathways, control of hyperammonaemia
and in situ correction of nitric oxide metabolism.

This confirmed the proof-of-concept of AAV gene therapy in argininosuccinic aciduria
and highlights the necessity of acting on both the urea cycle and the citrulline-nitric
oxide cycle, in the liver and the cortical neurons, respectively.

8.3.2 Considerations for clinical translation
This work endorses the need for an alternative nitric oxide supply to the brain of
argininosuccinate lyase deficient patients to preserve their neurocognitive and
neurological functions. Any future drug development and new therapeutic guidelines
will need to consider the effect on both the urea and citrulline-nitric oxide cycle in
order to appropriately tackle all of the symptoms of this disease. Liver transplantation
(513) or gene therapy restricted to the liver will only cure the urea cycle and will not
act on the disturbed nitric oxide metabolism in extra-hepatic tissues (85).
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Appropriately, clinical trials providing dietary nitric oxide therapy have recently been
initiated

(Clinical

trials

numbers

NCT02252770

and

NCT03064048

from

clinicaltrials.gov accessed on 06/04/2017).
The promising results presented in Chapter 7 raise the possibility of performing
either a single or two injections: i) an early injection to target the urea cycle in the
liver and cerebral neurons, ii) if necessary, a second later injection targeting the liver
for long-term correction of the urea cycle. When the first injection is performed in the
first weeks of life in mice, the immaturity of the immune system might not generate a
humoral response (275). It is unlikely however that this can be extrapolated to
humans. Overcoming the humoral immune response generated by the first AAV
injection will need to be considered for the second injection, by for example using an
alternative serotype and testing for no cross-reactivity (197).
This work has some limitations. The vector encoded the murine Asl gene and studies
with the human ASL gene are necessary. Progress on capsid re-engineering is
expanding rapidly and testing alternative capsids able to better transduce liver (514)
and brain (515, 516) might be particularly interesting. Experiments were performed in
small cohorts of mice and data will need to be reproduced in larger cohorts of
animals to obtain more homogeneous results. Only one dose was assessed in each
cohort and further work on minimal effective dosing and dose–escalation will be
required. Additionally, the NO-cGMP pathway was only assessed in brain
homogenates and not in a specific brain region or cell type unlike the immunostaining
studies which specifically assessed the cortex. This does not therefore reflect the
complexity of nitric oxide metabolism, which includes cell-type particularities (498,
499) and microenvironmental interactions (500). Further experiments in isolated
neurons and glial cells from treated and untreated AslNeo/Neo mice will be of
paramount importance to better delineate the pathophysiology associated with this
oxidative/nitrosative stress. It would also be of interest to modify the vector construct
and test an astrocyte-specific promoter (like GFAP promoter (517) to study the
impact of an astrocyte-specific correction of argininosuccinate lyase activity.
The neurological signs developed by AslNeo/Neo mice are limited and only 2
behavioural tests were proven as discriminant between wild-type and AslNeo/Neo mice.
As observed in Chapter 7, hyperammonaemia and disturbed cerebral nitric oxide
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metabolism both display an impact in functional studies assessing behaviour and cell
death. It would be of interest to develop other tools, including more complex
behavioural tests especially challenging the memory, and biomarkers to better
assess the benefit of cerebral gene therapy.
These results are limited with regards to efficacy data. Further collection of data
documenting safety will be required before submission of any clinical trial
authorisation. AAV8 and the EFS promoter have separately reached the clinics and
published data are available to defend a safe profile of this gene therapy product.
Although AAV8 and EFS have been tested in combination in small animal models
(438, 478, 479, 518, 519), this has not been performed in humans yet. As the risk of
insertional mutagenesis still remains a controversial question for wild-type AAV (266268) and have been observed after systemic neonatal injection of AAV vectors (520),
the possibility of genotoxicity that may occur using AAV vectors needs to be carefully
investigated with integration studies in animal models.

8.3.3 Application for neurohepatotropic diseases
Several other inherited metabolic diseases, which encompass both brain and liver
symptoms, such as mitochondrial diseases caused by nuclear genetic defects
(POLG, MPV17, DGUOK), some lysosomal storage disorders (Neuronopathic
Gaucher disease, mucopolysaccharidosis type I, II, VII), metal transporter
deficiencies like Menkes disease or manganese transporter deficiencies, some
congenital disorders of glycosylation, might benefit from a similar sequential
approach using two successive systemic deliveries of a transgene cassette conveyed
by AAV vectors to optimally correct brain and liver phenotypes.

8.4 Overall conclusion
In conclusion, this work has demonstrated the need for alternative therapies for
patients affected by argininosuccinic aciduria, as the current therapeutic guidelines
do not prevent a debilitating neurological disease. This is supported by new insights
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into the neuropathophysiology of this disorder, highlighting a neuronal disease, which
occurs

as

a

result

of

oxidative/nitrosative

stress

and

not

mediated

by

hyperammonaemia. A proposed therapeutic approach with AAV-mediated gene
therapy has shown proof-of-concept of long-term improvement of both brain and liver
phenotypes with a single vector construct after systemic delivery. A sequential
approach would allow a long-term correction of the urea cycle and the neuronal
oxidative/nitrosative stress and ultimately prevent the neurological disease. This work
paves the way for clinical translation and more broadly provides new hope for
hepatocerebral inherited diseases.
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10. APPENDICES
10.1 Asl gene therapy with repeated injections in AslNeo/Neo
mice: preliminary results
10.1.1 Design of the experiment

Experiments with single systemic injection administered in adult or neonatal AslNeo/Neo
mice have demonstrated a therapeutic effect with a dramatic improvement of the liver
and the brain phenotypes as shown in Chapter 7. Another experiment was
considered to evaluate the benefit of combining both injections at birth and in
adulthood. It has been suggested that neonatal mice in their first week of life have
immunotolerance to injection of AAV vector and do not generate a humoral immune
response (275). This finding allows a second injection of AAV-mediated gene therapy
with the same capsid at a later stage. The benefit of repeated injections of gene
therapy will allow a protection of the brain by the AAV vector and a transient
correction of the urea cycle for the first weeks of life after the neonatal injection. Then
the rapid growth of the liver will generate a progressive loss of episomal transgenes
and a decrease efficacy on the liver-based urea cycle. To avoid brain damage
caused by high ammonia levels, the need of a supportive treatment with sodium
benzoate and L-arginine injections and protein-restricted diet (See Section 7.2) was
transiently required. Then a second injection of gene therapy was performed at
adulthood when the liver had reached its adult mass providing a long-term correction
of the urea cycle (Figure 108).
Six AslNeo/Neo mice were injected intravenously within the first 24 hours of life via the
superficial temporal vein with the AAV8.EFS.mAsl.WPRE vector (Described in
Section 6.2) with a dose of 3.2x10e11 vector genomes (vg) per mouse in a 20 µL
volume. These mice received a second injection of the same vector at day 30 of life
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delivered intraperitoneally at a dose of 1.85x10e12 vg per mouse in a 50 µL volume.
Vector injections were performed by Dr Simon Waddington.
Nine wild-type and 16 untreated AslNeo/Neo mice were used as controls for the
experiment. AslNeo/Neo mice not injected with gene therapy did not receive any
supportive treatment.

Intraperitoneal
gene therapy

Intravenous
gene therapy

Intraperitoneal
Sodium benzoate + Arginine

D0

D15

D30

D31

D50

Protein restricted diet

Figure 108. Experimental design for repeated injections of Asl gene
therapy in AslNeo/Neo mice
AslNeo/Neo mice injected with Asl gene therapy received a first peripheral intravenous
injection within the first 24 hours of life and a second intraperitoneal injection at day
30. Daily intraperitoneal injections of sodium benzoate (100 mg/kg/d) and arginine (1
g/kg/d) were performed from day 15 to day 31 and a protein-restricted diet from day
15 to day 50 as presented in Section 7.2.

10.1.2 Preliminary results

All AslNeo/Neo mice, which received 2 sequential injections of Asl gene therapy at
birth and day 30, survived until 10 weeks of age when the experiment was
terminated, whereas no untreated AslNeo/Neo mice survived past 5 weeks of age
(Log rank test, p=0.0001) (Figure 109). The gross phenotype showed a
sustained improvement of the growth and the fur (Figures 110 and 111A), with
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a growth velocity similar to the wild-type littermates during the first 3 weeks of
life, then showing a mild persisting benefit over untreated surviving AslNeo/Neo
mice. The second injection caused an increase in the growth velocity compared
to wild-type mice during the 10 days following the second injection of Asl gene
therapy (Figure 111B).
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D0+D30 injected AslNeo/Neo

Figure 109. Survival curve of AslNeo/Neo mice receiving 2 sequential
injections of Asl gene therapy at birth and D30
Kaplan-Meyer survival curve of AslNeo/Neo mice receiving repeated injectiosn of Asl
gene therapy or untreated (n=6 and 11, respectively).

Hepatomegaly assessed by the liver/body weight ratio was normalised in 4 (out of 6)
AslNeo/Neo mice treated with Asl gene therapy but without significant improvement
compared to untreated AslNeo/Neo mice (One-way ANOVA with Dunett’s post-test
compared to wild-types, p<0.01 and p<0.05, respectively) (Figure 112A). The
brain/body weight ratio was elevated in untreated AslNeo/Neo mice but normalised in all
gene therapy-injected AslNeo/Neo mice (One-way ANOVA with Dunett’s post-test
compared to wild-types, p<0.001 and p>0.05, respectively) (Figure 112B).
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GT

WT

Figure 110. Macroscopic aspect of gene therapy-injected AslNeo/Neo mice
compared to wild-type and untreated AslNeo/Neo mice
(A) Images of wild-type, and gene therapy-injected AslNeo/Neo mice at day 20 of life.
(B, C) Images of wild-type, untreated and gene therapy-injected AslNeo/Neo mice at
day 30 of life, (D) Images of wild-type, and gene therapy-injected AslNeo/Neo mice) at
day 60 of life. GT: gene therapy-injected AslNeo/Neo mice; Untr: untreated AslNeo/Neo
mice; WT: Wild-type.
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Figure 111. Growth of gene therapy-injected AslNeo/Neo mice compared to
wild-type and untreated AslNeo/Neo mice
(A) Mean growth of gene therapy-injected AslNeo/Neo mice (n=6) compared to WT
(n=9) and untreated AslNeo/Neo mice (n=16) over 10 weeks of life; (B) Growth velocity
during the first 45 days of life in all groups. Horizontal line displays the mean ±
standard deviation. Blue arrows indicate injections of gene therapy at day 0 and 30.
WT: Wild-type.
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Figure 112. Hepatomegaly and brain/body weight ratio in gene therapyinjected AslNeo/Neo mice compared to wild-type and untreated AslNeo/Neo mice
(A)

Liver/body weight and (B) brain/body weight ratios of gene therapy-injected

AslNeo/Neo mice (n=6) compared to wild-type (n=5-7) and untreated AslNeo/Neo mice
(n=11). Horizontal lines display the mean ± standard deviation. One-way ANOVA
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with Dunnett’s post-test compared to wild-types; ns: not significant, * p<0.05, **
p<0.01, *** p<0.001. WT: Wild-type.

Various biomarkers were assessed in wild-type, untreated and gene therapy-injected
AslNeo/Neo mice at day 30, and in gene therapy-injected AslNeo/Neo mice at day 38. This
allowed assessment of the benefit of the second injection of Asl gene therapy either
just before the second injection and one week after (Figure 113). Plasma ammonia
levels were elevated in untreated AslNeo/Neo mice but normalised in gene therapyinjected AslNeo/Neo mice before and after the second injection (One-way ANOVA with
Dunett’s post-test compared to wild-types, p<0.001, p>0.05 and p>0.05, respectively)
(Figure 113A). Arginine levels in dried blood spot were decreased in untreated
AslNeo/Neo mice but normalised in gene therapy-injected AslNeo/Neo mice before and
after the second injection (One-way ANOVA with Dunett’s post-test compared to
wild-types, p<0.05, p>0.05 and p>0.05, respectively) (Figure 113B). Citrulline levels
in dried blood spot were increased in untreated and in gene therapy-injected
AslNeo/Neo mice before the second injection and normalised after the second injection
of Asl gene therapy (One-way ANOVA with Dunett’s post-test compared to wildtypes, p<0.001, p<0.001 and p>0.05, respectively) (Figure 113C). Argininosuccinic
acid levels in dried blood spots were increased in untreated and in gene therapyinjected AslNeo/Neo mice before the second injection (although with reduced levels
compared to untreated AslNeo/Neo mice) and were dramatically decreased after the
second injection of Asl gene therapy (One-way ANOVA with Dunett’s post-test
compared to wild-types, p<0.001, p<0.05 and p>0.05, respectively) (Figure 113D).
Glutamine and glutamate levels in dried blood spot were increased in untreated and
in gene therapy-injected AslNeo/Neo mice before the second injection (although with
reduced levels compared to untreated AslNeo/Neo mice) and normalised after the
second injection of Asl gene therapy (One-way ANOVA with Dunett’s post-test
compared to wild-types, p<0.001, p<0.01 and p>0.05, respectively) (Figure 113E).
At time of culling at 10 weeks of life, ASL activity in liver showed significantly reduced
ASL activities in untreated and in gene therapy-injected AslNeo/Neo mice with 13.3%
and 56.5% of wild-type residual activities, respectively (One-way ANOVA with
Bonferroni post-test compared to wild-types, p<0.001 and p<0.001, respectively). A
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significant increase of ASL activity was observed between untreated and in gene
therapy-injected AslNeo/Neo mice (One-way ANOVA with Bonferroni post-test
compared to untreated AslNeo/Neo mice, p<0.001) (Figure 114).
Behavioural testing was performed in gene therapy-injected AslNeo/Neo mice before the
second injection of Asl gene therapy at day 30 and one month after the second
injection at 2 months of age. As few untreated AslNeo/Neo mice were alive at day 30 but
none survived up to 2 months of age, data from wild-type and untreated AslNeo/Neo
mice generated in previous experiments detailed in Chapters 5 and 7 (See Sections
5.3.1 & 7.7.1) were used as controls at both time points. A significantly reduced
performance in the open field test was observed in untreated AslNeo/Neo mice at one
and 2 months of life, which was normalised at both time points in the gene therapyinjected AslNeo/Neo mice (One-way ANOVA with Dunett’s post-test compared to wildtypes, p<0.01 and p>0.05, respectively at one month of age ; p<0.001 and p>0.05,
respectively at 2 months of age) (Figure 115A). With the rotarod testing, no
significant difference was observed in untreated or gene therapy-injected AslNeo/Neo
mice at one and 2 months of life (One-way ANOVA with Dunett’s post-test compared
to wild-types) (Figure 115B).
Brains of different groups were stored but not processed and analysed due to time
constraints.
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Figure 113. Biomarkers of the urea cycle
Comparison of biomarkers in gene therapy-injected AslNeo/Neo mice (n=6) at day 30
just before the second injection (D0 injected AslNeo/Neo mice) and at day 40, one week
after the second injection (D0+D30 injected AslNeo/Neo mice), with wild-type (n=6-9
and untreated (n=5-9) AslNeo/Neo mice at 30 days of life. (A) Plasma ammonia levels,
(B) Dried blood spot arginine level, (C) Dried blood spot citrulline levels, (D) Dried
blood spot argininosuccinic acid levels and (E) Dried blood spot glutamate and
glutamine levels. Horizontal lines display the mean ± standard deviation. One-way
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ANOVA with Dunnett’s post-test compared to wild-types; ns: not significant, * p<0.05,

Argininosuccinate lyase activity(nmol/ng/min)

** p<0.01, *** p<0.001.
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Figure 114. Argininosuccinate lyase activity in gene therapy-injected
AslNeo/Neo mice compared to wild-type and untreated AslNeo/Neo mice
Argininosuccinate lyase activity in liver samples of wild-type (n=8), untreated (n=6),
and gene therapy-injected AslNeo/Neo mice (n=6) at 10 weeks of life. Horizontal lines
display the mean ± standard deviation. One-way ANOVA with Bonferronni post-test,
*** p<0.001.
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Figure 115. Behavioural testing
(A) Open field test and (B) accelerating rotarod performed in 1 and 2 month-old gene
therapy-injected (n=3-6) and untreated (n=8-10) AslNeo/Neo mice and wild-type mice
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(n=20-22). As all untreated AslNeo/Neo mice had died by 35 days of life, data from wildtype and untreated AslNeo/Neo mice from previous experiments were used as controls.
Horizontal lines display the mean ± standard deviation. (A, B) One-way ANOVA with
Dunnett’s post test compared to wild-types: ns not significant, ** p<0.01, *** p<0.001.

10.1.3 Discussion
Although the absence of results related to brain samples prevent any assessment of
the long-term efficacy of this repeated approach of Asl gene therapy on the
neurological disease in AslNeo/Neo mice, this experiment has shown some interesting
findings. This experiment was designed to assess the long-term benefit of a second
Asl gene therapy injection on the urea cycle at adulthood. As already shown in
Section 7.4, this experiment confirmed that a single neonatal gene therapy injection
normalises plasma ammonia levels. However, the benefit of a second Asl gene
therapy injection on the urea cycle is confirmed with a normalisation of various
biomarkers such as citrulline, argininosuccinic acid and glutamate/glutamine levels in
dried blood spots similarly to the effect of a single adult Asl gene therapy injection as
observed in Section 7.4. Residual ASL activity in the liver at 10 weeks of age was
56.5% so closer to the theoretical residual activity of a heterozygote mouse which
displays a gross phenotype undistinguishable from a wild-type mouse. Similarly
human carriers of severe hASL mutations are asymptomatic. Liver ASL activity in
heterozygote mice has not been measured but might be close to 65% of ASL activity
(as AslNeo/Neo mice have a 13.5 to 14.5% residual liver ASL activity (See Sections
5.2.4 & 7.4.3). AslNeo/Neo mice having received repeated injections of Asl gene
therapy do not display a full correction of the growth with a failure to thrive obvious
from 3 weeks of age onwards (See Figure 111). This might be caused by an
insufficient correction of the urea cycle after the first days following the neonatal gene
therapy injection which would require an earlier second injection of gene therapy, e.g.
at 20 days of life. Another explanation might be the non-correction of all extra-hepatic
tissues and a persisting mild multi-organ disease which would prevent a full
correction of the growth and the general phenotype.
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10.2 Development of a new model of brain conditional Asl
knockout mouse: preliminary results
10.2.1 The Cre-Lox system in the AslNeo/Neo mouse

The Cre-LoxP system is based on the specific catalytic activity of Cre recombinase, a
site-specific DNA recombinase isolated from bacteriophage P1, which catalyses
genomic DNA between two specific 34 base pair-long LoxP recognition sites (521).
Whilst LoxP sites are naturally present in the mammalian genome (522), these sites
can also be inserted by homologous recombination in embryonic stem cells in introns
flanking an essential exon of a gene of interest. LoxP sites do not disturb gene
transcription and the “floxed” animal (e.g. a mouse) will have a wild-type phenotype.
A second transgenic animal expressing Cre recombinase activity is required to breed
with the floxed animal, to excise the genomic DNA flanked by LoxP sites in order for
a phenotype to be displayed in the offspring. A Cre mouse can be created by
pronuclear injection of the Cre gene under the transcriptional control of a promoter of
interest, which can display restricted Cre expression in some tissues or cell-types.
The Cre transgene integrates randomly in the genome, and after characterisation of
the Cre expression in the desired restricted tissue or cells, the Cre mouse can be
bred with the floxed mouse.
In the AslNeo/Neo mouse, LoxP sites are located in introns 6 and 9 flanking exons 7, 8
and 9 of mAsl (Figure 116).
The residual brain ASL activity in AslNeo/Neo mice is 14.3% of wild-type activity (See
Section 5.3.2). AslNeo/Neo mice display a nitrosative/oxidative stress in the brain that
is restricted to neurons (See Section 5.3.2), which is corrected by gene therapy
which predominantly targets neurons in the brain (See Section 7.6). We
hypothesised that neuronal knockout of ASL activity in the brain of AslNeo/Neo mice
would display a more severe neurological phenotype and affect survival, behaviour
and nitric oxide metabolism.
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Figure 116. Asl gene construct used to create the AslNeo/Neo mouse
The mAsl gene encodes 17 exons. Two LoxP sites are located in introns 6 and 9,
respectively. A neomycin cassette is inserted in intron 9, upstream of the second
LoxP site. The AslNeo/Neo knockdown mouse has 14% residual Asl activity compared
to that of wild-type mice. In the presence of Cre recombinase, 3 exons are deleted
and cause a knockout of Asl as reported previously (339).

Generation of a conditional neuronal ASL knockout mouse model by breeding the
AslNeo/Neo mouse with a Cre mouse line, which displays a restricted Cre recombinase
activity in cerebral neurons such as the BAF53b-Cre transgenic mouse (523), was
considered to be too time-consuming to be investigated in the last year of this PhD.
An alternative approach was therefore investigated i.e. delivery of the Crerecombinase via an AAV vector injected intracranially. AAV9, a neurotropic AAV
serotype, and Cre recombinase expression transcriptionally controlled by a neuronal
promoter

(human

synapsin,

hSyn)

were

used.

An

AAV9.hSyn.HI.eGFP-

Cre.WPRE.SV40 (HI: chimeric intron from Promega, Madison, WI, USA ; SV40 :
Simian virus 40 late polyadenylation tail) (AAV9.Cre) was bought from the Penn
Vector Core, University of Pennsylvania (Philadelphia, PA, USA). In addition, the
AAV8.EFS.SV40i.GFP.WPRE.SV40LpA vector (AAV8.mAsl), described in Section
6.3.1, was injected in one experimental group to treat the neuronal ASL knockout
mouse model.
The experimental design is represented in Figure 117 with 5 different groups of
either wild-type or AslNeo/Neo mice. Mice were either uninjected, or injected with the
AAV9.Cre vector or with a combination of the AAV9.Cre and AAV8.mAsl vector.
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AAV9.Cre and AAV8.mAsl were injected intracranially and intravenously (via the
superficial temporal vein as described in Section 6.3.1), respectively. All vector
injections were performed by Dr Simon Waddington.

WT

Cre-WT

AslNeo/Neo

Cre-AslNeo/Neo

mAsl-Cre-AslNeo/Neo

Figure 117. Experimental design for characterisation of a conditional
neuronal Asl knock-out mouse model
Five experimental groups (n=3-4 animals per group) were considered. Wild-type mice
were either uninjected (WT), injected with the AAV9.Cre vector (Cre-WT). AslNeo/Neo
mice were either uninjected (AslNeo/Neo), injected with the AAV9.Cre vector (CreAslNeo/Neo) or injected with the AAV9.Cre and AAV8.mAsl vectors (mAsl-CreAslNeo/Neo). AAV9.Cre and AAV8.mAsl were injected intracranially (red arrows) and
intravenously via the superficial temporal vein (blue arrow) as described in Section
6.3.1.

10.2.2 Titration of the AAV9.Cre vector

As LoxP sites are naturally present in the mammalian genome, escalating doses of
AAV9.Cre vector were administered to define a dose of AAV9.Cre, which would not
cause aspecific brain damage not related to severe ASL deficiency. Indeed growth
inhibition and genotoxicity in vitro (524), and hydrocephaly and microcephaly in
mouse embryos have been previously reported after expression of high doses of Cre
recombinase (525).
For titration, different doses of AAV9.Cre (6x10e10, 1.8x10e11, 6x10e11 and
6x10e12 vector genomes (vg) per mouse) were injected in the first 24 hours of life in
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the Cre-WT and Cre-AslNeo/Neo groups. Uninjected littermates were used as controls.
The experiment was stopped at day 8 of life.
In AslNeo/Neo mice, pups injected with intermediary doses (1.8x10e11 and 6x10e11 vg
per mouse) were cannibalised by the dam before the age of 2 days. No interpretable
data was therefore available for these groups.
All wild-type mice injected with AAV9.Cre and uninjected littermates survived. All
AslNeo/Neo mice injected with the high dose (6x10e12 vg per mouse) died by day 6 of
life. All AslNeo/Neo mice injected with the low dose (6x10e10 vg per mouse) and 16 out
of 18 uninjected were alive at day 8 (Figure 118).

Percent survival

100
80
60
40
20
0
0

2

4

AslNeo/Neo

6

8

Days

AslNeo/Neo_6x10e12

AslNeo/Neo_6x10e10

Figure 118. Survival of AslNeo/Neo mice injected intracranially with the
escalating doses of AAV9.Cre vector compared to uninjected AslNeo/Neo
mice
Experiment was stopped at day 8. AslNeo/Neo n=18, AslNeo/Neo_6x10e12 n=4,
AslNeo/Neo_6x10e10 n=5. 6x10e10 to 6x10e12 represent the dose of vector injected in
vg per mouse.

Wild-type mice had a lower weight at day 8 when injected with an intermediary dose
of AAV9.Cre (6x10e11 vg per mouse) (Figure 119A). All wild-type mice injected with
intermediary and high doses of AAV9.Cre (1.8x10e11, 6x10e11 and 6x10e12 vg per
mouse) showed abnormal behaviour with difficulties in walking and ataxia with
frequent falls.
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Both groups of AslNeo/Neo mice injected with low and high doses of AAV9.Cre
(6x10e10 and 6x10e12 vg per mouse, respectively) displayed a significant weight
loss at day 8 (One-way ANOVA with Dunnett’s post-test compared to wild-types,
p<0.01 and p<0.001, respectively) (Figure 119B). AslNeo/Neo mice injected with high
doses of AAV9.Cre displayed a severely modified behaviour similar initially to that
observed in the wild-type group injected with intermediary and high doses of
AAV9.Cre but which worsened rapidly to a pseudo-paralysis with tremor and rigidity
with limited mobility. These pups were culled in accordance with humane endpoint.
No behavioural abnormality was observed in the AslNeo/Neo mice injected with the low
dose of AAV9.Cre.
Collectively these data showed that the lowest injected dose of AAV9.Cre (6x10e10
vg per mouse) had the safest profile and this titre was used for subsequent
experiments. This dose was in accordance with a previous publication using AAV
vectors delivering Cre recombinase to target mouse brains (477).
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Figure 119. Growth of wild-type and AslNeo/Neo mice injected intracranially
with escalating doses of AAV9.Cre vector compared to uninjected controls
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10.2.3 Preliminary results

The design of the experiment is presented in Figure 117. Wild-type and AslNeo/Neo
mice injected with the AAV9.Cre received a total dose of 6x10e10 vg per mouse
within the first 24 hours of life in two symmetric intracranial injections. AslNeo/Neo mice
concomitantly injected with AAV8.mAsl intravenously received 8x10e11 vg per
mouse.
The experiment was stopped at day 8 of life, when the rapid liver growth was
supposed to have significantly reduced the number of episomal mAsl transgene
copies in the liver after systemic injection on the first day of life. This time point was
chosen to ensure that the therapeutic effect on the urea cycle was still persisting and
no hyperammonaemic episodes could bias results obtained from brain analysis in the
AslNeo/Neo mice injected with the AAV8.mAsl.
No mouse died during this experiment. Compared to uninjected wild-type mice, the
gross phenotype of uninjected and AAV9.Cre-injected AslNeo/Neo mice showed failure
to thrive, which was more evident in the later group (One-way ANOVA with Dunett’s
post-test compared to uninjected wild-types, p<0.01 and p<0.001, respectively)
(Figures 120, 121). An abnormal skin phenotype with sparse hair was seen at day 8
in the uninjected and AAV9.Cre-injected AslNeo/Neo mice (Figure 120). No difference
in growth or fur was observed in the AAV8.mAsl,AAV9.Cre-injected AslNeo/Neo mice
compared to wild-type mice suggesting a therapeutic effect of the systemic
AAV8.mAsl injection (One-way ANOVA with Dunett’s post-test compared to
uninjected wild-types, p>0.05) (Figures 120, 121). No difference in growth was
observed between the uninjected and AAV9.Cre-injected wild-type mice (One-way
ANOVA with Dunett’s post-test compared to uninjected wild-types, p>0.05) (Figures
120, 121). No mouse displayed any abnormal behaviour and the righting reflex tested
at day 8 of life was not significantly different between groups (Figure 122).
Compared to uninjected wild-type mice, liver/body weight ratio did not show any
significant differences although a trend towards an increase in uninjected and
AAV9.Cre-injected AslNeo/Neo mice was observed (One-way ANOVA with Dunett’s
post-test compared to uninjected wild-types, p>0.05) (Figure 123A). Brain/body
weight ratio displayed a significant increase in uninjected and AAV9.Cre-injected
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AslNeo/Neo mice compared to uninjected wild-type mice, which was not observed in
AAV8.mAsl,AAV9.Cre-injected AslNeo/Neo mice and AAV9.Cre-injected wild-type mice
(One-way ANOVA with Dunett’s post-test compared to uninjected wild-types,
p<0.001, p<0.01, p>0.05 and p>0.05, respectively) (Figure 123B).

Cre-AslNeo/Neo
mAsl-Cre-AslNeo/Neo

WT
Cre-WT

AslNeo/Neo

Figure 120. Gross phenotype of Cre-induced cerebral ASL knockout
AslNeo/Neo mice with and without neonatal Asl gene therapy compared to
control groups
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Figure 121. Survival curves of Cre-induced cerebral ASL knockout
AslNeo/Neo mice with and without neonatal Asl gene therapy compared to
control groups
WT (n=9), Cre-WT (n=5), AslNeo/Neo (n=7), Cre-AslNeo/Neo (n=4), mAsl-Cre-AslNeo/Neo

Righting reflex (seconds)

(n=4). Horizontal lines display the mean ± standard deviation.
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Figure 122. Righting reflex in Cre-induced cerebral ASL knockout AslNeo/Neo
mice with and without neonatal Asl gene therapy compared to control
groups
WT (n=7), Cre-WT (n=5), AslNeo/Neo (n=13), Cre-AslNeo/Neo (n=4), mAsl-Cre-AslNeo/Neo
(n=4). Horizontal lines display the mean ± standard deviation.
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Figure 123. Hepatomegaly and brain/body weight ratios in Cre-induced
cerebral ASL knockout AslNeo/Neo mice with and without neonatal Asl gene
therapy compared to control groups
WT (n=4), Cre-WT (n=3), AslNeo/Neo (n=4), Cre-AslNeo/Neo (n=4), mAsl-Cre-AslNeo/Neo
(n=4). Horizontal lines display the mean ± standard deviation. One-way ANOVA with
Dunnett’s post correction compared to uninjected wild-types; ns: not significant, *
p<0.05, ** p<0.01.

At 8 days of life, concentrations of urea cycle amino acids measured in dried blood
spots showed no significant difference between uninjected and AAV9.Cre-injected
wild-type mice (One-way ANOVA with Dunett’s post-test compared to uninjected
wild-types, p>0.05 for all amino acids tested). Whilst significant differences (i.e.
decreased

arginine

levels,

increased

citrulline,

argininosuccinic

acid

and

glutamine/glutamate levels) were observed in uninjected AslNeo/Neo mice compared to
uninjected wild-types as observed in Section 5.2.3 (One-way ANOVA with Dunett’s
post-test compared to uninjected wild-types, p<0.001, p<0.01, p<0.001 and p<0.05,
respectively) differences were more pronounced in AAV9.Cre-injected AslNeo/Neo mice
compared to uninjected wild-types (One-way ANOVA with Dunett’s post-test
compared to uninjected wild-types, arginine levels : p<0.001, citrulline levels :
p<0.001, argininosuccinic acid levels: p<0.001 and glutamine/glutamate levels
p<0.001, respectively). In AAV8.mAsl,AAV9.Cre-injected AslNeo/Neo mice, these
abnormalities were improved compared to levels observed in the AAV9.Cre-injected
AslNeo/Neo mice to levels similar to those observed in the uninjected AslNeo/Neo mice
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although levels, except for those of glutamine/glutamate, were still significantly
different to those of uninjected wild-type mice (One-way ANOVA with Dunett’s posttest compared to uninjected wild-types, arginine levels : p<0.01, citrulline levels :
p<0.01, argininosuccinic acid levels: p<0.001 and glutamine/glutamate levels p>0.05,
respectively) (Figure 124).
ASL activity in the liver and the brain showed no significant difference between
uninjected and AAV9.Cre-injected wild-type mice (One-way ANOVA with Dunett’s
post-test compared to uninjected wild-types, p>0.05). Residual ASL activities in the
liver and the brain of uninjected AslNeo/Neo mice were significantly reduced to 16.2%
and 17.5% of uninjected wild-type activity, respectively (One-way ANOVA with
Dunett’s post-test compared to uninjected wild-types, p<0.001 and p<0.01,
respectively). In the liver and the brain of uninjected AAV9.Cre-injected AslNeo/Neo
mice, dramatic reductions of ASL activities to 1.5% and 4.3% of that of uninjected
wild-type mice, respectively, were observed (One-way ANOVA with Dunett’s posttest compared to uninjected wild-types, p<0.001 and p<0.001, respectively). Residual
ASL activities in the liver and the brain of uninjected AAV8.mAsl,AAV9.Cre-injected
AslNeo/Neo mice were 62% and 93% of that of uninjected wild-type mice, respectively
(One-way ANOVA with Dunett’s post-test compared to uninjected wild-types, p<0.05
and p>0.05, respectively) (Figure 125).
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Figure 124. Dried blood spot urea cycle-related amino acid analysis of Creinduced cerebral ASL knockout AslNeo/Neo mice with and without neonatal
Asl gene therapy compared to control groups
Concentration of (A) Arginine, (B) Citrulline, (C) Argininosuccinic acid and anhydrides
and (D) glutamine and glutamate in dried blood spots from 8 day-old Cre-induced
cerebral Asl knock out AslNeo/Neo mice with and without neonatal Asl gene therapy
compared to control groups. WT (n=5), Cre-WT (n=3), AslNeo/Neo (n=4), Cre-AslNeo/Neo
(n=4), mAsl-Cre-AslNeo/Neo (n=4). Horizontal lines display the mean ± standard
deviation. One-way ANOVA with Dunnett’s post-test compared to uninjected wildtypes; ns: not significant, * p<0.05, ** p<0.01, *** p<0.001.
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Figure 125. ASL activity in the liver and brain of Cre-induced cerebral ASL
knockout AslNeo/Neo mice with and without neonatal Asl gene therapy
compared to control groups
ASL activity in (A) the liver and (B) the brain of WT (n=4), Cre-WT (n=4), AslNeo/Neo
(n=9 and 3, respectively), Cre-AslNeo/Neo (n=4), mAsl-Cre-AslNeo/Neo (n=4). Horizontal
lines display the mean ± standard deviation. One-way ANOVA with Dunnett’s posttest compared to uninjected wild-types; ns: not significant, * p<0.05, ** p<0.01, ***
p<0.001.
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10.2.4 Discussion

The site-specific recombination facilitated by the Cre-LoxP system is a powerful
technology to specifically knockdown the expression of a gene in some selected
tissues or cell types (521). Using intracranial delivery of an AAV9 vector encoding
Cre recombinase activity under the transcriptional control of the neuronal promoter
human synapsin (hSyn), a set of experiments was conducted to study the cerebral
effect of neuronal ASL knockout in AslNeo/Neo mice.
Initially an AAV9.Cre titration was performed to ensure the absence of deleterious
off-target effect. Survival, growth and behaviour were assessed during the week
following injection, which allowed determining a dose considered as non-deleterious
and in accordance with previous reports (477).
The phenotype of AAV9.Cre-injected AslNeo/Neo mice was studied. A severe
phenotype was observed with failure to thrive, abnormal fur and levels of urea cyclerelated amino acids and decreased levels of ASL activities in the liver and the brain
compared to uninjected AslNeo/Neo mice. The ASL brain activity was more severely
decreased in AAV9.Cre-injected AslNeo/Neo mice compared to uninjected AslNeo/Neo
mice (4.3% versus 17.5% of wild-type brain ASL activity). However the dramatic
reduction of liver ASL activity (1.5% of wild-type liver ASL activity in AAV9.Creinjected AslNeo/Neo mice versus 16.2% in uninjected AslNeo/Neo mice) was not expected.
This was associated with a worsening of the phenotype related to the urea cycle
defect illustrated by more pronounced abnormal levels of urea cycle amino acids.
This was especially obvious for glutamine/glutamate levels indirectly reflecting
ammonia levels (See Section 1.2.2). AAV8.mAsl injection concomitant with
AAV9.Cre corrected the ASL knockout effect in both the liver and the brain, with an
improvement

in

urea

cycle

amino

acids,

especially

with

regards

to

glutamine/glutamate concentrations for which there was no significant difference
observed between AAV8.mAsl,AAV9.Cre-injected AslNeo/Neo mice and uninjected wildtypes, suggesting that ammonia levels had been corrected.
Although the correction of ASL activities confirm the efficacy of this systemic gene
therapy in both the liver and the brain as observed in Chapter 7, this AAV9.Creinjected AslNeo/Neo mouse model could not be used further for studying the cerebral
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effect of neuronal ASL knockout as the liver ASL knockout created a more severe
urea cycle defect depicted by urea cycle amino acids levels which is likely to lead to
severe hyperammonaemia, although the latter was not measured due to insufficient
plasma samples being available. This would have had consequences on brain
metabolism (See Section 1.2.2) and would have biased studies regarding neuronal
nitrosative/oxidative stress (discussed in Section 5.4.2).
Previous studies have reported the systemic off-target biodistribution after AAV
delivery in the central nervous system either by intracisternal or by intrathecal routes
in various species: rat (526), dog (527) and non-human primates (528). This systemic
biodistribution in peripheral viscera is preferentially observed in the liver with a diffuse
transduction of the organ, which might be caused by intravenous redistribution. The
working hypothesis that a highly-specific neuronal promoter as reported in the
literature (529, 530) will avoid such a systemic off-target effect, was invalidated by in
vivo experiments. Previous publications reporting transduction activity of the human
synapsin promoter focussed their work in brain studies and did not consider off-target
effects and systemic biodistribution. The transcriptional activity of the human
synapsin promoter in peripheral viscera including the liver has been subsequently
confirmed (531).
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10.3 Protocols for the preparation of general laboratory
reagents
10.3.1 Reagents for PCR amplification of hASL exons
Reagents

•

Ultrapure agarose (Invitrogen, Camarillo, CA, USA)

•

Betaine (Sigma, St Louis, MO, USA)

•

Custom primers (Integrated DNA Technologies, Leuven, Belgium)

•

Dinucleotides triphosphate (dNTPs) (Bioline, London, UK)

•

Invitrogen 100 bp DNA ladder (Invitrogen, Camarillo, CA, USA)

•

Water for cell culture (Sigma, St Louis, MO, USA)

•

BIOTAQTM DNA polymerase (Bioline, London, UK)

•

SYBR safe DNA gel stain (Invitrogen, Camarillo, CA, USA)

10.3.2 Reagents for sequencing reaction
Reagents

•

Big Dye Terminator version 1.1 cycle sequencing kit (ThermoFisher scientific,
Loughborough, UK)

•

Ethanol (Fisher scientific, Loughborough, UK)

•

Exonuclease I (New England Biolabs UK Ltd, Hitchin, UK)

•

Shrimp alkaline phosphatase (New England Biolabs UK Ltd, Hitchin, UK)

•

TE buffer (Sigma, St Louis, MO, USA)

•
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10.3.3 Reagents and buffers for DNA extraction for genotyping
Reagents

•

NaOH (Sigma, St Louis, MO, USA)

•

EDTA (Sigma, St Louis, MO, USA)

•

Tris (Sigma, St Louis, MO, USA)

Buffers and solutions

NaOH solution
Final concentration
NaOH

0.5 M

2.5 mL

25 mM

EDTA Na2

0.5 M

20 µL

0.2 mM

dH2O

47.48 mL

Final volume

50 mL

No need to pH, this solution is pH 12.

Tris-HCl Buffer
Final concentration
Tris-HCl

1M

2 mL

dH2O

48 mL

Total

50 mL

40mM

adjusted to pH 8.0

adjusted to pH 5.0
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10.3.4 Reagents and buffers for DNA electrophoresis on agarose
gel for genotyping
Reagents

•

Agarose powder (Sigma, St Louis, MO, USA)

•

Safeview nucleic acid stain (NBS Biologicals, Huntingdon, UK)

•

Tris-base (Sigma, St Louis, MO, USA)

•

Glacial acetic acid (Sigma, St Louis, MO, USA)

•

EDTA (Sigma, St Louis, MO, USA)

•

Orange G (Sigma, St Louis, MO, USA)

•

Glycerol (Sigma, St Louis, MO, USA)

Buffers and solutions

50xTAE

Tris-base

242 g

Glacial acetic acid

57.1 mL

EDTA

18.6 g

dH2O

up to 1L

PCR loading buffer

Orange G

0.1 g

30% Glycerol

10 mL
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10.3.5 Reagents for blood sampling
Reagents

•

Sodium heparin (Sigma, St Louis, MO, USA)

10.3.6 Reagents and buffers for nitrite and nitrate measurements
(Griess reaction)
Reagents

•

Sulfanilamide (Sigma, St Louis, MO, USA)

•

N-1-naphtylethylenediamine dihydrochloride (Sigma, St Louis, MO, USA)

•

Phosphoric acid (Sigma, St Louis, MO, USA)

•

Nitrate reductase from Aspergillus niger (Sigma, St Louis, MO, USA)

•

Glycerol (Sigma, St Louis, MO, USA)

•

Glucose-6-phosphate dehydrogenase (Sigma, St Louis, MO, USA)

•

Glucose-6-phosphate (Sigma, St Louis, MO, USA)

•

Nicotinamide adenine dinucleotide phosphate (NADPH) (Sigma, St Louis, MO,
USA)

•

Sodium phosphate dibasic (Sigma, St Louis, MO, USA)

•

Sodium phosphate monobasic monohydrate (Sigma, St Louis, MO, USA)
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Buffers and solutions

Nitrate assay phosphate buffer

Solution A
Na2HPO4.2H20

6.23 g

ddH2O

1L

Solution B
NaH2PO4.2H20

5.46 g

ddH2O

1L

Solutions A and B were mixed at a ratio 1:2 adjusted to pH 7.4

Griess reaction – reagents

Reagent A
Sulfanilamide

2g

Phosphoric acid

5 mL

ddH2O

100 mL

Reagent B
N-(1-Naphthyl)ethylaminediamine

200 mg

ddH2O

100 mL
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10.3.7 Method for gelatin coating slides
Reagents

•

Gelatine powder (Sigma, St Louis, MO, USA)

•

Chromium (III) potassium sulphate 12 hydrate (Sigma, St Louis, MO, USA)

Coating slides allows the slice of tissue to remain fixed onto the slide with the
adherence of the gelatine and electric charge interaction between Chromium (III)
potassium sulphate 12 (positively charged) and cell membranes (negatively
charged).

Slides are placed in metal racks. 1 Liter of dH2O is poured in a plastic bowl and
microwaved for 3 minutes at 1,500 Watts to reach 45°C. 5 g of gelatine and 0.5 g of
Chromium (III) potassium sulphate 12 hydrate are added in hot water. Do not let the
temperature drop below 42°C otherwise heat again in microwave. Immerse racks
briefly and put in oven at 56°C to dry overnight. Repeat this step a second time the
following day.

10.3.8 Reagents and buffers for perfusion of mice and organ
collection
Reagents

•

Isoflurane (Abbott, Abbott Park, IL, USA)

•

Paraformaldehyde (Sigma, St Louis, MO, USA)

•

Sucrose (Sigma, St Louis, MO, USA)

•

Formalin solution neutral buffered 10% (Sigma, St Louis, MO, USA)

•

Ethanol (Merck, Darmstadt, Germany)
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10.3.9 Reagents and buffers for brain sectioning on freezing
microtome
Reagents

•

Shandon M-1 Embedding matrix (ThermoScientific, Kalamazoo, MI, USA)

•

Trisma base (Sigma, St Louis, MO, USA)

•

NaCl (Sigma, St Louis, MO, USA)

•

HCl (Sigma, St Louis, MO, USA)

•

Sodium azide (Sigma, St Louis, MO, USA)

•

Ethylene glycol (Sigma, St Louis, MO, USA)

•

Sucrose (Sigma, St Louis, MO, USA)

Buffers and solutions

10xTBS

Trisma Base

64 g

NaCl

85 g

HCl

32 mL

dH2O

up to 1 L

TBSA

10% Na azide

2 mL

TBS

198 mL

400
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TBSAF

Sucrose

75 g

Ethylene glycol

150 mL

TBSA

350 mL

10.3.10 Reagents and buffers for immunostaining in free-floating
sections
Reagents

•

30% hydrogene peroxidase (Sigma, St Louis, MO, USA)

•

Trisma base (Sigma, St Louis, MO, USA)

•

NaCl (Sigma, St Louis, MO, USA)

•

HCl (Sigma, St Louis, MO, USA)

•

Sodium azide (Sigma, St Louis, MO, USA)

•

Ethylene glycol (Sigma, St Louis, MO, USA)

•

Sucrose (Sigma, St Louis, MO, USA)

•

Triton X-100 (Sigma, St Louis, MO, USA)

•

Vectastain ABC Kit (Vector, Burlingame, CA, USA)

•

3,3’-diaminobenzidine (DAB) (Sigma, St Louis, MO, USA)

•

Histoclear (National diagnostics, Atlanta, GE, USA)

•

DPX-new (MerckMillipore, Darmstadt, Germany)
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Buffers and solutions

10xTBS

Trisma Base

64 g

NaCl

85 g

HCl

32 mL

dH2O

up to 1 L

adjusted to pH 7.6

TBS-T

Triton X-100

300 µL

1xTBS

100 mL

10.3.11 Reagents and buffers for immunostaining in paraffinembedded slides
Reagents

•

Histoclear (National diagnostics, Atlanta, GE, USA)

•

IMS (Acquascience, Uckfield, UK)

•

Methanol (Merck, Darmstadt, Germany)

•

30% hydrogene peroxidase (Sigma, St Louis, MO, USA)

•

Sodium citrate (Sigma, St Louis, MO, USA)

•

HCl (Sigma, St Louis, MO, USA)

•

Polink-2 HRP Plus rabbit DAB Detection System for immunohistochemistry
(GBI Labs, Mukilteo, WA, USA)
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•

Trisma base (Sigma, St Louis, MO, USA)

•

NaCl (Sigma, St Louis, MO, USA)

•

Sodium azide (Sigma, St Louis, MO, USA)

•

Ethylene glycol (Sigma, St Louis, MO, USA)

•

Sucrose (Sigma, St Louis, MO, USA)

•

Triton X-100 (Sigma, St Louis, MO, USA)

Buffers and solutions

10xTBS

Trisma Base

64 g

NaCl

85 g

HCl

32 mL

dH2O

up to 1 L

adjusted to pH 7.6

TBS-T

Triton X-100

300 µL

1xTBS

100 mL

Citrate buffer
Final concentration
Sodium citrate

14.7 g

0.01 M

HCl

27 mL

1M

Adjusted to pH 6.0
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10.3.12 Reagents and buffers for NISSL staining
Reagents

•

Certistain (Cressyl violet) (Merck Millipore, Darmstadt, Germany)

•

Ethanol (Merck, Darmstadt, Germany)

•

Acetic acid (Sigma, St Louis, MO, USA)

•

Xylene (Sigma, Kalamazoo, MI, USA)

•

Isopropanol (Fisher, Loughborough, UK)

•

Paraformaldehyde (Sigma, St Louis, MO, USA)

Buffers and solutions

1% cressyl violet solution

Certistain (Cressyl violet)

4g

Ethanol 100%

40 mL

ddH2O

360 mL

Put on stirrer fot 20 minutes and heat then filter and let cool down overnight in fume
cupboard.
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10.3.13 Reagents and buffers for TUNEL staining
Reagents

•

Bovine serum albumine (Sigma, St Louis, MO, USA)

•

30% hydrogene peroxidase (Sigma, St Louis, MO, USA)

•

PFA (Sigma, St Louis, MO, USA)

•

K2HPO4 (Sigma, St Louis, MO, USA)

•

KH2PO4 (Sigma, St Louis, MO, USA)

•

TDT enzyme (Roche, Mannheim, Germany)

•

Biotinilated dUTP (Roche, Mannheim, Germany)

•

Sodium cacodylate trihydrate (Sigma, St Louis, MO, USA)

•

Cobalt chloride (Sigma, St Louis, MO, USA)

•

Cobalt sulphate (Sigma, St Louis, MO, USA)

•

Nickel chloride (Sigma, St Louis, MO, USA)

•

NaCl (Sigma, St Louis, MO, USA)

•

Sodium citrate (Sigma, St Louis, MO, USA)

Buffers and solutions
0.1 M Phosphate buffer

K2HPO4

17.4 g

KH2PO4

13.6 g

dH2O

1L

10 mM Phosphate buffer

0.1 mL Phosphate buffer

0.1 L

ddH2O

1L
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PB/BSA buffer

0.1 M phosphate buffer

500 mL

0.1% BSA

500 mL

TUNEL solution

TDT enzyme

1 uL

Biotynilated dUTP

1.5 uL

Cacodylate buffer

100 uL

ddH2O

897.5 uL

To be made and kept on ice, use immediately
Cacodylate buffer

Tris

3.64 g

Sodium cacodylate trihydrate

29.96 g

ddH2O

80 mL

adjusted to pH 7.5, then
Cobalt chloride

0.24 g

adjusted to pH 7.2
made up to 100 mL with ddH2O and store at 4°C

TUNEL stop solution
Final concentration
NaCl
Sodium citrate
ddH2O

1,753.2 mg

300 mM

882.3 mg

30 mM

100 mL
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DAB cobalt nickel solution
# Solution 1
Nickel chloride

2g

ddH2O

100 mL

Mix
# Solution 2
Cobalt sulfate

2.5 g

ddH2O

100 mL

Mix
# For DAB nickel cobalt solution
DAB

25 mg

10 mM phosphate buffer

50 mL

Solution 1

0.5 mL

Solution 2

0.5 mL

Stirr and filter before use

10.3.14 Reagents and buffers for Haematoxylin and eosin (H&E)
staining
Reagents

•

Xylene (Leica Biosystems, Nanterre, France)

•

Harris Haematoxylin (Leica Biosystems, Nanterre, France)

•

Aqueous eosin 1% (Leica Biosystems, Nanterre, France)

•

HCl (Sigma, St Louis, MO, USA)

•

IMS (Acquascience, Uckfield, UK)
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Buffers and solutions

1% acid ethanol

HCl

1 mL

Ethanol

70 mL

dH2O

30 mL

10.3.15 Reagents and buffers for Periodic Acid-Schiff (PAS) staining
Reagents

•

Xylene (Leica Biosystems, Nanterre, France)

•

Harris Haematoxylin (Leica Biosystems, Nanterre, France)

•

Amylase from hog pancreas (Sigma, St Louis, MO, USA)

•

Periodic acid (Sigma, St Louis, MO, USA)

•

Commercial Fuelgen stain (5) (TCS Biosciences Ltd, Buckingham, UK)

•

IMS (Acquascience, Uckfield, UK)

10.3.16 Reagents and buffers for Masson trichrome staining
Reagents

•

Xylene (Leica Biosystems, Nanterre, France)

•

Mayer’s Haematoxylin (Leica Biosystems, Nanterre, France)

•

Potassium diachromate (BDH chemicals, Radnor, PA, USA)

•

Chromotrope 2R (ThermoFisher Scientific, Loughborough, UK)
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•

Fast Green FCF (Sigma, St Louis, MO, USA)

•

Phosphotungstic acid (BDH chemicals, Radnor, PA, USA)

•

Glacial acetic acid (Sigma, St Louis, MO, USA)

•

Celestine blue (Sigma, St Louis, MO, USA)

•

Sulphuric acid (Sigma, St Louis, MO, USA)

•

2.5% aqueous ammonium iron (III) sulphate (Sigma, St Louis, MO, USA)

•

Glycerol (Sigma, St Louis, MO, USA)

•

IMS (Acquascience, Uckfield, UK)

Buffers and solutions

Masson trichrome working solution

Chromotrope 2R

0.6 g

Fast green FCF

0.3 g

Phosphotungstic acid

0.6 g

Glacial acetic acid

1 mL

dH2O

100 mL

10.3.17 Reagents and buffers for Oil Red O staining
Reagents

•

Xylene (Leica Biosystems, Nanterre, France)

•

Mayer’s Haematoxylin (Leica Biosystems, Nanterre, France)

•

Oil Red O (Sigma, St Louis, MO, USA)

•

Acetone (Acquascience, Uckfield, UK)

•

Formaldehyde (Sigma, St Louis, MO, USA)

•

Aquatex (Merck Millipore, Darmstadt, Germany)

•

IMS (Acquascience, Uckfield, UK)
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Buffers and solutions

Oil Red O working solution

Oil Red O

1g

Acetone

5 mL

Dissolve
70% Ethanol

100 mL

Mix and let the solution settle for 24 hours then filter in a coplin jar before use

10.3.18 Reagents and buffers for mASL western blot
Reagents

•

NP-40 (Sigma, St Louis, MO, USA)

•

Hepes (Sigma, St Louis, MO, USA)

•

KCl (Sigma, St Louis, MO, USA)

•

MgCl2 (Sigma, St Louis, MO, USA)

•

DNase (Sigma, St Louis, MO, USA)

•

Protease inhibitors Complete Mini EDTA-free protease inhibitor cocktail
(Roche, Mannheim, Germany)

•

Tris/HCl (Sigma, St Louis, MO, USA)

•

Glycerol (Sigma, St Louis, MO, USA)

•

Sodium dodecyl sulphate (SDS) (Sigma, St Louis, MO, USA)

•

Bromophenol blue (Sigma, St Louis, MO, USA)

•

Dithiothreitol (DTT) (Sigma, St Louis, MO, USA)

•

PBS tablets (Sigma, St Louis, MO, USA)

•

Tween20 (Sigma, St Louis, MO, USA)

•

Protein ladder (Page Ruler; Fermentas, York, UK)
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•

Polyvinylidene difluoride (PVDF) (GE Healthcare, UK)

•

Non-fat milk powder Cow & Gate (Trowbridge, UK)

•

Glycine (Sigma, St Louis, MO, USA)

•

Trisma-Base (Sigma, St Louis, MO, USA)

•

Sodium dodecyl sulphate (SDS) (Sigma, St Louis, MO, USA)

•

Methanol (Merck, Darmstadt, Germany)

•

Amersham ECL western blotting detection reagent (GE Healthcare UK Ltd,
Buckinghamshire, UK)

•

Enhanced chemo-luminescence plus (ECL+) (GE Healthcare UK Ltd,
Buckinghamshire, UK)

Buffers and solutions

1x NP-40 lysis buffer
Final concentration
NP-40

0.3%

Hepes

2.38 g

10 mM adjusted to pH 8.5

KCl

740 mg

10 mM

MgCl2

476 mg

5 mM

DNase

100 mg

1 mg/mL

Dithiothreitol (DTT)

771 mg

5mM

Protease inhibitors
dH2O

adjusted for final volume 100 mL

5x Laemmli loading buffer
Final concentration
Tris/HCl

1.02 g

65 mM

Glycerol

10 mL

10 % (v/v)

SDS

2.3 g

2.3 % (w/v)
411

adjusted to pH 8

Chapter 10 - Appendices
Bromophenol blue

10 mg

0.01%

Dithiothreitol (DTT)

1g

1%

dH2O

adjusted for final volume 100 mL

1% PBST

PBS

100 mL

Tween20

1 mL

1x Tris-glycine buffer
Final concentration
Glycine

15.1 g

192 mM

Tris-Base

94 g

250 mM

SDS 10%

10 mL

0.1 %

dH2O

adjusted for final volume 1 L

1x Transfer buffer
Final concentration
Glycine

14.4 g

192 mM

Tris-Base

30.3 g

250 mM

Methanol

200 mL

20 %

dH2O

adjusted for final volume 1 L
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10.3.19

Reagents

and

buffers

for

GFP

Enzyme

linked

immunosorbent assay (ELISA)
Reagents

•

b gal ELISA kit (Sigma, St Louis, MO, USA)

•

Bovine serum albumin (Sigma, St Louis, MO, USA)

•

Tetramethylbenzidine (TMB) (Sigma, St Louis, MO, USA)

•

GFP protein (Sigma, St Louis, MO, USA)

•

H2SO4 (Sigma, St Louis, MO, USA)

•

Monoclonal anti-GFP antibody (Abcam ab1218, Abcam, Cambridge, UK)

•

Biotin-conjugated polyclonal anti-GFP Abcam 6658, Abcam, Cambridge, UK)

•

Streptavidin - horseradish peroxidase (HRP) (Invitrogen, Camarillo, CA, USA)

•

Bicarbonate buffer (see Appendix I – Solutions and buffers)

•

Wash buffer (see Appendix I – Solutions and buffers)

•

Block solution (see Appendix I – Solutions and buffers)

Buffers and solutions

Bicarbonate buffer (ELISA protocol)

Na2CO3

0.8 g

NaHCO3

1.465 g

dH2O

adjusted for final volume 500 mL

Wash buffer (ELISA protocol)

Tween 20

200 µL

PBS

400 mL
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Block solution (ELISA protocol)

Bovine serum albumin
PBS

4g
400 mL

10.3.20 Reagents and buffers for WPRE quantitative polymerase
chain reaction (qPCR)
Reagents

•

QIAgen DNeasy kit (QIAgen, Crawley, UK)

•

Platinum® Quantitative PCR SuperMix-UDG with ROX (Lifetechnologies,
Foster city, CA, USA)

•

Custom primers (Lifetechnologies)

•

Dual labelled probes (Eurofins)

10.3.21 Reagents and buffers for cloning the vector construct
Reagents

•

Custom primers (Integrated DNA Technologies, Leuven, Belgium)

•

Q5 High-Fidelity DNA Polymerase (New England Biolabs UK Ltd, Hitchin, UK)

•

Restriction enzymes Nhe1, EcoRV, Bgl1 (New England Biolabs UK Ltd,
Hitchin, UK)

•

NE Buffer 3.1 (New England Biolabs UK Ltd, Hitchin, UK)

•

Molecular biology water (Sigma, St Louis, MO, USA)

•

Agarose (Sigma, St Louis, MO, USA)

•

QIAgen Spin Miniprep Kit (QIAgen, Crawley, UK)

•

QIAquick Gel Extraction Kit (QIAgen, Crawley, UK)

•

Fast alkaline phosphatase (Thermo Scientific, Loughborough, UK)
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•

T4 DNA Ligase (New England Biolabs UK Ltd, Hitchin, UK)

•

Max efficiency DH5a

TM

Competent Cells (Invitrogen Thermo Scientific,

Loughborough, UK)
•

SOC Outgrowth Medium (Invitrogen Thermo Scientific, Loughborough, UK)

•

LB Broth (Sigma, St Louis, MO, USA)

•

Ampicillin (Sigma, St Louis, MO, USA)

•

Invitrogen 1000 bp DNA ladder (Invitrogen, Camarillo, CA, USA)

Buffers and solutions

LB Broth medium

LB Broth

20 g

dH2O

1L

Ampicillin (100mg/mL)

1 mL

10.3.22 Method for making Agar plates
Reagents

•

LB Agar (Sigma, St Louis, MO, USA)

•

Ampicillin (Sigma, St Louis, MO, USA)

LB Agar

8.75 g

dH2O

250 mL

Mix well and autoclave at 121°C for 20 minutes. Add 1mL of Ampicillin diluted at 100
mg/mL per 1 L of Agar solution for a final ampicillin concentration of 100 ug/mL. Seal
10 mL of solution per plate, wait for cooling at room temperature.
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10.3.23

Reagents

and

buffers

for

AAV

vector

production,

concentration and titration
Reagents

•

QIAgen Spin Maxiprep Kit (QIAgen, Crawley, UK)

•

Dulbecco’s Modified Eagle Medium (DMEM) (GIBCO, Paisley, UK)

•

Fetal calf serum (FCS) (GIBCO, Paisley, UK)

•

Dulbecco’s PBS (GIBCO, Paisley, UK)

•

Trypsin EDTA (Sigma, St Louis, MO, USA)

•

Benzonase nuclease (250 units/uL) (Sigma, St Louis, MO, USA)

•

Deoxycholic acid (Sigma, St Louis, MO, USA)

•

Glycine (Sigma, St Louis, MO, USA)

•

Tris base (Sigma, St Louis, MO, USA)

•

Phosphate buffered saline (PBS) tablets (Sigma, St Louis, MO, USA)

•

Polyethylenimine (Polysciences Inc, Northampton, UK)

•

Glycerol (Sigma, St Louis, MO, USA)

•

Sodium dodecyl sulphate (SDS) (Sigma, St Louis, MO, USA)

•

Xylene cyanol (Sigma, St Louis, MO, USA)

•

10000x Gel red (Cambridge Bioscience, Cambridge, UK)

•

Hyper Ladder I (Bioline, London, UK)

•

2x Laemmli buffer (Sigma, St Louis, MO, USA)

•

Coomassie Brilliant blue R-250 (VWR International Ltd, Lutterworth, UK)

•

Acetic acid (Sigma, St Louis, MO, USA)

•

Methanol (Merck, Darmstadt, Germany)

•

Page ruler prestained protein ladder, broad range 10-250 kDa (Life
Technologies, Paisley, UK)

•

NuPAGE MOPS SDS 20x running buffer (Invitrogen Thermo Scientific,
Loughborough, UK).
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Buffers and solutions

TD buffer (Vector production)
Final concentration
NaCl

8.181 g

KCl

372.8 mg

5 mM

K2HPO4

95.26 mg

0.7 mM

MgCl2

333.23 mg

3.5 mM

Tris

3.0285 g

ddH2O

140 mM

25 mM

1L

adjusted to pH 7.5, heated on a benchtop autoclave at 121°C for 20 minutes

PBS (Vector purification)

PBS

5 tablets

ddH2O

1L

filtered at 0.22 uM, pH 7.5

Glycine buffer (Vector purification)
Final concentration
Glycine

1.875 g

ddH2O

500 mL

filtered at 0.22 uM, adjusted to pH 2.7
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1M Tris buffer (Vector purification and titration)
Final concentration
Tris base

121.14 g

ddH2O

1M

1L

filtered at 0.22 uM, adjusted to pH 8.8

50x Alkaline electrophoresis buffer

NaOH

30 g

EDTA

7.31 g

ddH2O

500 mL

adjusted to pH 8.0

4x Sample loading buffer

Glycerol

200 µL

50X alkaline electrophoresis buffer

80 µL

20% w/v SDS

60 µL

Xylene cyanol powder
ddH2O

arbitrary amount
1 mL

0.1 M NaCl

NaCl
ddH2O

5.84 g
1L

heated on a benchtop autoclave at 121°C for 20 minutes
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4x Gel red solution:
Final concentration
10000X Gel red
NaCl

40 µL
100 mL

0.1 M

Coomassie blue dye

Methanol

500 mL

Acetic acid

100 mL

ddH2O

400 mL

Coomassie Brilliant blue R-250

2.5 g

Destain solution

Methanol

250 mL

Acetic acid

70 mL

ddH2O

680 mL

10.3.24 Reagents for identification of amino acids by mass
spectrometry
Reagents

•

L-Arginine (>99%) (Sigma, St Louis, MO, USA)

•

L-Arginine-13C (99% atom %d) (CDN isotopes, Thaxted, UK)

•

L-Glutamine (>99%, recommended for HPLC) (Sigma, St Louis, MO, USA)

•

L-Glutamine-2,3,3,4,4-d5 (>98% atom %d) (QMX, Thaxted, UK)

•

L-Glutamic acid (>99%, recommended for HPLC) (Sigma, St Louis, MO, USA)
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•

L-Glutamic-2,3,3,4,4-d5 acid (98% atom %d) (QMX, Thaxted, UK)

•

L-Ornithine HCl (>98%) (Sigma, St Louis, MO, USA)

•

L-Ornithine-2,3,3,4,4,5,5-d7 HCl (98% atom %d) (QMX, Thaxted, UK)

•

L-Citrulline (>98%) (Sigma, St Louis, MO, USA)

•

L-Citrulline-2,3,3,4,4,5,5-d7 (65% atom %d) (QMX, Thaxted, UK)

•

Argininosuccinic acid disodium saly hydrate (>80%) (Sigma, St Louis, MO,
USA)

•

9-Fluorenylmethyl chloroformate (Sigma, St Louis, MO, USA)

•

Acetone (Sigma, St Louis, MO, USA)

•

Boric acid (Sigma, St Louis, MO, USA)

•

MQH2O, Milli-Q Ultra pure Water Purification Systems (Millipore, Brussels,
Belgium)

10.3.25 Reagents for separation of amino acids by liquid
chromatography
Reagents

•

Methanol (HPLC grade) (Fisher scientific, Loughborough, UK)

•

Ethanol (HPLC grade) (Fisher scientific, Loughborough, UK)

•

Trifluoroacetic acid (HPLC grade) (Sigma, St Louis, MO, USA)

•

Heptafluorobutyric acid (HPLC grade) (Sigma, St Louis, MO, USA)

•

Trifluorobutyric acid (HPLC grade) (Sigma, St Louis, MO, USA)

•

Acetic acid (HPLC gradsepare) (Sigma, St Louis, MO, USA)
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10.3.26 Reagents and buffer for ASL assay in liver extracts
Reagents

•

Adenosine triphosphate (Sigma, St Louis, MO, USA)

•

Potassium chloride (KCl) (Sigma, St Louis, MO, USA)

•

Magnesium chloride (MgCl2) (Sigma, St Louis, MO, USA)

•

Aspartate (Sigma, St Louis, MO, USA)

•

TrisHCl (Sigma, St Louis, MO, USA)

•

Argininosuccinate disodium salt hydrate (Sigma, St Louis, MO, USA)

•

(2S)-(+)-Amino-5-iodoacetamidopentanoic acid (Enzo, Farmingdale, NY, USA)

Buffers and solutions

ASL enzymatic buffer

Pre-buffer A

Final concentration

TrisHCl

121 mg

10 mM

KCl

149 mg

20 mM

MgCl2

47.6 mg

5 mM

65 mg

5 mM

Aspartate
MQH2O

88.1 mL

then pre-buffer B
Pre-buffer A
Adenosine triphosphate (ATP)

8 mL
27.5 mg

adjusted to pH 7.45

then final ASL enzymatic buffer
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256.5 µL

Pre-buffer B

13.5 µL

10 mM argininosuccinate

0.5 mM

10.3.27 Positive controls for liver staining

Periodic acid-Schiﬀ

A

Masson trichrome

B

Oil red O

C

Figure 126. Positive controls for Periodic acid-Schiff, Masson trichrome
and Oil red O stainings
(A) Periodic acid-Schiff staining of liver sample, (B) Masson trichrome of gut sample
and (C) Oil red O staining of muscle sample. White arrows indicate positive staining.
Scale bars are (A) 500 μm, (B) 1 cm and (C) 1 mm, respectively.
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10.4 Database for clinical study
Patient
number

10.4.1 Systemic phenotype
Form

1

Early

F

White British

At diagnosis
Higher
Age
ammonia
(µmol/L)
14 days
NA

2

Early

M

White British

3 days

749

Alive

51

Y

N

N

Y

Y

Y

Y

N

Y

N

N

3
4
5

Early
Early
Early

F
M
M

White British
White Lituanian
White British

4 days
4 days
7 days

384
520
368

43
149
150

Y
Y
Y

N
Y
Y

N
Y
N

N
Y
Y

NP
N
N

Y
Y
Y

Y
Y
Y

N
Y
Y

Y
Y
N

N
N
N

N
N
N

6

Early

F

Indian

4 days

1370

186

Y

N

N

N

NP

Y

Y

Y

Y

Y

N

7
8
9

Early
Early
Early

M
M
M

White British
Chinese
Chinese

4 days
<28 days
<28 days

308
190
800

137
217
308

Y
Y
Y

Y
Y
Y

N
N
Y

N
Y
N

NP
Y
Y

N
Y
Y

N
Y
Y

NA
Y
NA

N
Y
Y

N
N
N

N
N
N

10

Early

M

Indian

<28 days

1941

11
12
13
14
15

Early
Early
Early
Early
Early

F
M
M
F
F

Pakistani
White British
Pakistani
Pakistani
Pakistani

7 days
8 days
4 days
2 days
4 days

NA
715
650
800
668

139
201
111
151
23

N
Y
Y
Y
N

N
Y
N
N
N

Y
N
Y
N
N

N
N
N
N
N

NP
NP
NP
NP
NP

N
Y
NA
Y
Y

N
Y
Y
Y
Y

N
N
Y
N
N

N
Y
Y
Y
N

N
N
N
N
N

N
N
N
N
N

16

Early

F

Pakistani

4 days

1038

54

Y

N

N

N

NP

Y

Y

Y

Y

N

N

17

Early

F

Pakistani

3 days

390

77

Y

N

N

N

NP

Y

Y

Y

Y

N

N

18

Early

F

Pakistani

2 days

2000

Alive
Alive
Alive
Died
(12 years)
Alive
Alive
Alive
Died
(<28 days)
Alive
Alive
Alive
Alive
Alive
Died
(4 years)
Alive
Died
(4 days)

0

NA

NA

NA

NA

NP

Y

Y

NA

N

N

N

19

Early

F

Pakistani

4 days

373

23

Y

Y

N

N

NP

Y

NA

Y

Y

N

N

20

Early

F

Pakistani

12 days

2006

21

Early

M

Bangladeshi

4 days

1020

22
23

Early
Early

M
M

White British
White British

3 days
3 days

791
1000

24

Late

M

White British

4 years

NA

25
26
27
28
29
30

Late
Late
Late
Late
Late
Late

M
M
F
M
F
F

White British
White British
Pakistani
White British
Pakistani
Indian

2 years
3.5 years
>1 year
1 year
13 months
<10 years

278
456
NA
723
NA
NA

Sex

Ethnicity

Survival
(Age at
death)
Alive

Died
(23 months)
Alive
Died
(11 years)
Alive
Alive
Died
(53 years)
Alive
Alive
Alive
Alive
Alive
Alive

Long term phenotype
Follow up
Neurology
Liver
Enlarged
(months) Developmental
Abnormal Myopathic Abnormal
Hypokalaemia
Epilepsy
Hepatomegaly Transaminitis kidneys
delay
movements features brain MRI
244
Y
N
Y
N
Y
Y
Y
N
N

0

High
Trichorrhexis
blood
nodosa
pressure
N
N

NA

46

Y

N

N

N

NP

Y

Y

N

Y

N

N

132

Y

Y

N

N

NP

N

Y

NA

Y

N

N

Lost
32

N
NA

N
NA

N
NA

N
NA

N
NP

Y
N

Y
N

N
N

Y
Y

N
N

N
N

637

Y

Y

Y

Y

NP

N

Y

NA

Y

N

N

295
419
337
191
56
Lost

Y
Y
Y
Y
Y
Y

Y
N
N
Y
Y
N

Y
N
N
Y
Y
N

N
N
N
Y
N
N

N
NP
NP
N
Y
NP

N
N
Y
N
Y
N

N
N
Y
N
Y
N

NA
NA
NA
Y
N
NA

N
N
N
N
N
N

N
N
N
N
N
N

N
N
N
N
N
Y
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Patient
number

At diagnosis
Higher
Age
ammonia
(µmol/L)
<10 years
NA
<10 years
323
12 years
77
35 days
14
5.5 years
18
4 years
9
2 years
351
3 months
34

Form

Sex

Ethnicity

31
32
33
34
35
36
37
38

Late
Late
Late
Late
Late
Late
Late
Late

M
M
F
F
F
M
F
M

Indian
Indian
White British
Banglageshi
White British
White British
White British
White British

39

Late

F

Chinese

1.5 years

NA

40
41
42
43
44
45

Late
Late
Late
Late
Late
Late

F
F
M
F
F
M

White British
White British
White British
White British
NA
White British

6 years
5 years
2.5 years
5 months
3.5 years
11 months

<45
NA
NA
NA
NA
NA

46

Late

M

White British

2 years

47

Screened

F

Pakistani

Neonatal

NA
43

48

Screened

M

White British

Neonatal

49

Screened

M

Chinese

50

Screened

M

Chinese

51

Screened

M

52

Screened

53
54
55
56

Screened
Screened
Screened
Screened

Survival
(Age at
death)
Alive
Alive
Alive
Alive
Alive
Alive
Alive
Alive
Died
(20 years)
Alive
Alive
Alive
Alive
Alive
Alive

Long term phenotype
Follow up
Neurology
Liver
Enlarged
(months) Developmental
Abnormal Myopathic Abnormal
Hypokalaemia
Epilepsy
Hepatomegaly Transaminitis kidneys
delay
movements features brain MRI
Lost
Y
N
N
N
NP
N
N
NA
N
Lost
Y
N
N
N
NP
N
N
NA
N
316
Y
Y
Y
Y
NP
N
N
NA
N
138
Y
Y
N
N
Y
N
N
Y
N
262
Y
N
Y
N
Y
N
N
NA
N
246
Y
N
Y
N
Y
N
N
NA
N
165
Y
Y
N
N
N
N
N
NA
N
90
Y
Y
N
N
N
Y
Y
N
N

High
Trichorrhexis
blood
nodosa
pressure
N
N
N
N
N
Y
N
N
N
Y
N
N
N
N
N
N

275

Y

Y

N

N

N

N

N

NA

N

N

N

444
216
307
280
227
243

Y
Y
Y
Y
Y
Y

N
Y
N
Y
N
Y

N
N
N
N
N
N

N
N
N
N
N
N

NP
NP
NP
Y
NP
NP

N
N
N
N
N
N

N
N
N
N
N
N

NA
N
N
N
N
N

N
N
Y
Y
Y
N

N
N
N
N
N
N

Y
Y
N
N
N
N

Alive

24

Y

N

N

N

NP

N

N

NA

N

N

N

Alive

96

N

N

N

N

NP

N

N

NA

N

N

N

<75

Alive

187

Y

N

N

N

N

Y

Y

N

N

N

N

Neonatal

133

Alive

155

Y

Y

N

N

Y

Y

Y

Y

N

N

N

Neonatal

68

Alive

218

Y

N

N

N

N

N

N

N

N

N

N

Chinese

Antenatal

49

Alive

193

Y

Y

N

N

Y

Y

Y

NA

Y

N

N

F

Pakistani

Neonatal

NA

0

NA

NA

NA

NA

NP

NA

NA

NA

Y

N

N

M
M
M
M

Pakistani
Pakistani
Pakistani
Bangladeshi

Antenatal
Neonatal
Neonatal
Neonatal

NA
133
92
190

Died
(7 days)
Lost
Lost
Alive
Alive

Lost
164
123
211

NA
Y
Y
Y

NA
N
Y
N

NA
N
Y
N

NA
N
N
N

NP
NP
NP
NP

NA
Y
Y
N

NA
Y
Y
Y

NA
NA
N
Y

Y
Y
Y
Y

N
N
N
N

N
N
N
N

Table 20. Detailed general phenotype of the patients included in the clinical study
Database related to Sections 3.2 & 3.4. M: Male; F: Female; NP: Not performed; Y: Yes; N: No; NA: Not available; cDNA: coding
DNA. It was assumed that patients had normal blood pressure if hypertension was not specifically mentioned in medical records
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10.4.2 Neurological phenotype
Patient number

Age in December
2015 (Years)

Neurological phenotype

Form

1*

20.3

Early

Developmental delay

Y/N

Age at
diagnosis

Y

Severity (IQ) Mainstream
<DQ/CA>
schooling Y/N
Moderate (48)

Abnormal
movements

Epilepsy

N

Y/N

Age at
diagnosis

Type of
seizures

N

Abnormal
Y/N
EEG
Y

Y

Myopathic features

Features

Y/N

Ataxia,
tremor

N

2

4.25

Early

Y

2 years

Mild

N

NA

N

Y

3

3.6

Early

Y

23 months

Mild

N

N

NA

N

N

4

12.4

Early

Y

9 months

Moderate

N

Y

5.5 years

TC, M

Y

Y

5

12.5

Early

Y

20 months

Mild (54)

N

Y

9 years

TC, Ab

Y

N

Y

6
7

15.5
11.4

Early
Early

Y
Y

2 years
10 months

Mild
Mild <24/40>

N
N

N
Y

18 months

TC

NA
NA

N
N

N
N

8*

18.1

Early

Y

4 years

Mild

Y

10 years

M

Y

N

Y

9*

25.7

Early

Y

2 years

Mild

Y

13 years

TC

10
11
12
13
14
15
16
17
18
19
20
21
22
23

0
11.6
16.7
9.2
12.6
1.9
4.5
6.4
0
1.9
3.8
11
Lost
2.7

Early
Early
Early
Early
Early
Early
Early
Early
Early
Early
Early
Early
Early
Early

NA
N
Y
Y
Y
N
Y
Y
NA
Y
Y
Y
N
NA

24*

53.1

Late

25*

24.6

26*
27*

34.9
28.1

Y

Mild
Mild
Mild

Y
N
N
N

Mild
Mild

N

Mild
Mild
Mild

N

Y

Mild

N

Late

Y

Mild

Late
Late

Y
Y

Mild
Mild

3 years

1 month

1 month

28

15.9

Late

Y

2 years

29

4.7

Late

Y

1 year

30*

Lost

Late

Y

Mild

Moderate
<12/33>
Mild

NA
N
Y
N
N
N
N
N
NA
Y
N
Y
N
N

NA

Ab

Y

Y

NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

NA
Y
N
Y
Y
N
N
N
NA
N
N
N
N
NA

NA

M

Y

5 years

A, focal

NA

Y

N

Y

3 years

Febrile sz

NA

Y

N
N

N
N

NA
NA

N
N

N

Y

Y
N

N

1 year

TC

20 months A, TC, M

Ataxia,
tremor

Dystonia
Spasticity

Ataxia

Ataxia,
nystagmus
Ataxia,
tremor

Y

Features

Hypotonia

Abnormal brain MRI

Y/N
Y

Mild cerebellar atrophy

Y

Cerebral oedema, small haemorrages in white matter, edema in the
central tegmental tract and internal capsid

NP
Hypotonia,
myopathic face,
EMG
Hypotonia, episods
of weakness, EMG

N
N
NP
NP

Hypotonia

Y

N

Y

NA
N
N
N
N
N
N
N
NA
N
N
N
N
NA

NA
NP
NP
NP
NP
NP
NP
NP
NP
NP
NP
NP
N
NP

Y

NP

N

N

N
N

NP
NP
Tiredness, fatigable
ptosis, proximal
weakness in arms,
TR difficult to elicit.
EMG

Y

Y

Ataxia

Y

Y

Y

Left
hemiparesis

N

Y

NA

N

N

NP
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Features

Punctual hyperintensity in peritrigonal white matter suggesting local
infarct on T2-weighted sequence
Perirolandic gliosis, cortical atrophy, hyperintensity in caudate head
and posterior putamen

N

Cortical and cerebellar atrophy with grey and white matter
involvement. Thalami atrophy. Multiple bilateral infarcts.

Patient
number

Age in
December
2015

Chapter 10 - Appendices

Form

31*
32*

Lost
Lost

Late
Late

Y
Y

Developmental delay
Age at
Severity (IQ) Mainstream
diagnosis
<DQ/CA>
schooling Y/N
Mild
N
<6 years
Mild (62)
N

33*

26.3

Late

Y

2.5 years

Mild

Y

34
35*
36*
37
38
39*
40*
41
42*

11.5
21.8
20.5
13.7
7.5
22.9
37
18
25.6

Late
Late
Late
Late
Late
Late
Late
Late
Late

Y
Y
Y
Y
Y
Y
Y
Y
Y

3 years
5 years
18 months
5.5 years
1 year

Mild
Mild
Mild
Mild
Mild
Moderate
Mild
Mild
Mild

N
N

Y
N
N
Y
Y
Y
N
Y
N

43*

23.3

Late

Y

Mild

N

Y

44*
45*
46
47
48
49
50*

18.9
20.2
2
Lost
15.6
12.9
18.2

Late
Late
Late
Screened (L)
Screened (E)
Screened (E)
Screened (L)

Y
Y
Y
N
Y
Y
Y

N
N

4 years
4 years

Mild
Mild
Mild
Normal
Mild
Mild
Mild

N
Y
N
N
N
Y
N

51

16.1

Screened (E)

Y

2 years

Mild

N

Y

52
53
54
55
56

0
Lost
13.7
10.2
17.6

Screened (E)
Screened (?)
Screened (L)
Screened (?)
Screened (E)

NA
NA
Y
Y
Y

N
N
N

NA
NA
N
Y
N

Y/N

3 years

2.2%years

Mild
Mild
Mild

Y/N
N
N

Y
Y

N

Y
Y

Neurological phenotype
Abnormal
Myopathic features
Abnormal
Y/N Features
Y/N
Features
EEG
NA
N
N
NA
N
N
Guillain Barré
8 years
Ab, TC
Y
Y
Ataxia
Y
syndrome. EMG
2 years Febrile sz
Y
N
N
Y
Y
Ataxia
N
N
Y
Ataxia
N
6 years
TC
Y
N
N
8 months
TC
N
N
N
1.5 years
TC
Y
N
N
N
N
N
11 years
TC
Y
N
N
NA
N
N

Epilepsy
Age at
Type of
diagnosis seizures

NA

TC

NA

Ab, TC

9 years

TC

8 years

TC

NA

Ab, TC

Abnormal brain MRI
Y/N

NP
Y
Y
Y
N
N
N
NP
NP
NP

NA

N

N

Y

NA
NA
NA
NA
NA
Y
NA

N
N
N
N
N
N
N

N
N
N
N
N
N
N

NP
NP
NP
NP
N
Y
N

NA

N

N

Y

NA
NA
NA
NA
NA

NA
NA
N
Y
N

NA
NA
N
N
N

NP
NP
NP
NP
NP

Spasticity

Features

NP
NP

Foci of white matter hyperintensity
Small right inferior frontal lobe infarct
Small medial right and frontal lobe subcortical white matter infarct

Foci of frontoparietal white matter hyperintensities on T2-weighted
sequence

Nodular heterotopia
Foci of peritrigonal and subcortical white matter hyperintensities on
T2-weighted sequence. Nodular heterotopia

Table 21. Detailed neurological phenotype of patients included in the clinical study
Database related to Section 3.3. * Adult patient at end of follow-up in December 2015. For screened patients, the phenotype of the
disease affected the familial proband is specified: (E) Early-onset, (L) Late-onset. A: Atonic; Ab: Absence; <DA/CA>: Developmental
age/Current age; IQ: Intellectual quotient; M: Myoclonus; N: No; NA: Not available; NP: Not performed; Sz: seizure; TC: Tonicclonic; TR: tendon reflexes Y: Yes; ?: Unknown.

.
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Abstract Over the last decade, pioneering liver-directed gene
therapy trials for haemophilia B have achieved sustained clinical improvement after a single systemic injection of adenoassociated virus (AAV) derived vectors encoding the human
factor IX cDNA. These trials demonstrate the potential of
AAV technology to provide long-lasting clinical benefit in
the treatment of monogenic liver disorders. Indeed, with more
than ten ongoing or planned clinical trials for haemophilia A
and B and dozens of trials planned for other inherited genetic/
metabolic liver diseases, clinical translation is expanding rapidly. Gene therapy is likely to become an option for routine

Presented at the Annual Symposium of the Society for the Study of
Inborn Errors of Metabolism, Rome, Italy, September 6–9, 2016

care of a subset of severe inherited genetic/metabolic liver
diseases in the relatively near term. In this review, we aim to
summarise the milestones in the development of gene therapy,
present the different vector tools and their clinical applications
for liver-directed gene therapy. AAV-derived vectors are
emerging as the leading candidates for clinical translation of
gene delivery to the liver. Therefore, we focus on clinical
applications of AAV vectors in providing the most recent update on clinical outcomes of completed and ongoing gene
therapy trials and comment on the current challenges that the
field is facing for large-scale clinical translation. There is
clearly an urgent need for more efficient therapies in many
severe monogenic liver disorders, which will require careful
risk-benefit analysis for each indication, especially in
paediatrics.

Communicated by: Johannes Häberle
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The liver is a key-regulator of multiple complex metabolic
pathways and the hepatocyte is a primary cell type affected
in numerous inherited genetic/metabolic diseases (Clayton
2002). Despite a wide range of disease-specific conventional
therapies, liver replacement therapies remain a valid strategy
and even a potential cure for many monogenic liver disorders
due to the ability to restore the defective pathway (Sokal
2006). Liver replacement options include whole or partial organ (Spada et al 2009), or hepatocytes transplantation
(Dhawan et al 2006). The shortage of donors, the associated
mortality/morbidity and need for immunosuppression, however, often limit this option to severely affected patients and
those aged more than 3 months or weighing greater than 5 kg
(Haberle et al 2012). In the past decade, liver-directed gene
therapy has emerged as a promising alternative to transplantation in monogenic liver disorders.
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Overview of gene therapy development: reaching
maturity

Strategies for hepatocyte-directed gene transfer

Gene therapy, by providing additional functional gene copies,
has been considered for decades as an attractive option for
treatment of monogenic disorders (Wirth et al 2013).
According to the Gartner hype cycle, a graphical representation
depicting the maturity of novel technologies, gene therapy
reached its Bpeak of inflated expectation^ in the mid-1990s
which was paralleled by a rapid rise in clinical trial activity
and the publication of early proof-of-concept studies for genetic
and acquired conditions such as adenosine-deaminase deficiency (ADA-SCID) (Blaese et al 1995; Bordignon et al 1995) and
brain tumours, respectively (Puumalainen et al 1998). This period of inflated expectation was critiqued in the OrkinMotulsky report commissioned by the National Institute of
Health (Orkin and Motulsky 1995). While acknowledging the
extraordinary promise of gene therapy, the report emphasised
the need for greater focus on gene transfer technology and the
basic science of gene transfer. Soon after, the field plunged into
its Btrough of disillusionment^ following the death of a young
adult, Jesse Gelsinger, in a clinical trial for ornithine
transcarbamylase (OTC) deficiency (Raper et al 2003).
Optimism arising from the subsequent clinical success in the
treatment of X-linked severe combined immunodeficiency
(SCID-X1) (Cavazzana-Calvo et al 2000) was soon dampened
by the occurrence of leukaemia in five out of 20 patients secondary to insertional mutagenesis (Hacein-Bey-Abina et al,
2003a, b; Fischer et al 2010; Mukherjee and Thrasher 2013),
causing the death of one participant (Mukherjee and Thrasher
2013). Resultant concerns over gene therapy were further
compounded by growing awareness of the challenges imposed
by vector-induced immune responses (Mingozzi and High
2007). Disbelief and doubt followed, leading to a decline in
financial investment (Ledley et al 2014). In parallel, these adverse events motivated researchers to seek a better understanding of the challenges posed by disease pathophysiology and to
develop safer and more efficient vectors. Recent clinical successes in various inherited orphan diseases such as Leber’s
congenital amaurosis (Bainbridge et al 2008; Cideciyan et al
2008; Maguire et al 2008), X-linked adrenoleukodystrophy
(Cartier et al 2009), metachromatic leukodystrophy (Biffi et al
2013) and haemophilia B (Nathwani et al 2011) and the first
market authorisation granted by the European Medicines
Agency (EMA) in 2012, to Glybera® for lipoprotein lipase
deficiency (Bryant et al 2013), are driving the field up the
Bslope of enlightenment^ and onto the Bplateau of
productivity^. As a result of this success, various biotechnology
companies dedicated to gene therapy development have been
created and received substantial financial investment (Cassiday
2014). In parallel, the number of gene therapy-based clinical
trials has risen rapidly in recent years (http://www.abedia.com/
wiley/(accessed 2017 Jan 06); Ginn et al 2013).

A growing toolbox is available for gene transfer, which has
been the preferred approach in recent human trials targeting
hepatocytes. Various elements in the choice of transgene expression cassette design, mode of delivery and the subset of
patients targeted influence the efficacy of gene therapy
(Fig. 1).
Parameters of vector delivery
The mode of transgene delivery is crucial: i) local injection
allows highly selective expression, but in a limited area.
Conversely an intravenous injection allows a broad distribution balanced by non-specificity. Injections in the hepatic artery or the portal vein improve the selectivity but require cannulation with its associated risks (Fumoto et al 2013).
Peripheral intravenous delivery provides similar transduction
compared to intrahepatic or intraportal routes for AAV vectors
(Sarkar et al 2006; Nathwani et al 2007); ii) higher doses of
vector achieve greater transduction, but may generate more
severe immune responses (Raper et al 2003; Mingozzi and
High 2013).
Host pre-sensitisation or acquired immune responses
The immune response against the vector and/or the transgene
product might preclude the expected therapeutic effect (Jooss
and Chirmule 2003; Zaiss and Muruve 2008; Wold and Toth
2013).
Immune memory of pre-exposure to wild-type viruses can
prevent efficient hepatocyte transduction by pre-existing
neutralising antibodies and might account for differences in
the severity of immune responses observed after systemic injection. Pre-immunisation against the transgene product can
occur when the recombinant transgenic protein has been administered. For example, in haemophilia B patients, this can
result in the generation of anti-factor IX antibodies when treated by recombinant factor IX (Armstrong et al 2014).
Accordingly prior immunisation needs to be carefully considered in clinical trial enrolment criteria.
Acquired immune responses after systemic gene delivery
are common. Innate immune responses are triggered by antigen presenting cells such as dendritic cells or macrophages
initiating the release of proinflammatory cytokines (interleukins 1 and 6, tumour necrosis factor α (TNFα), type I interferon α and β) via stimulation of Toll-like receptors (TLR).
Specific and long-lasting antigen-specific immune responses
are mediated by B- and T-cells and involve secretion of
neutralising antibodies and CD8+ cytotoxic T lymphocytes,
respectively, regulated by the recruitment of helper and regulatory CD4+ T cells. Whatever the viral vector considered,
immune responses share various similarities, and must always
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Fig. 1 The triad to consider for
successful gene therapy

VECTOR
CONSTRUCT

Promoter

VECTOR DELIVERY

Vector type
(If virus-derived, serotype)

Regulatory
elements

Transgene

Dose of vector
Route of administration

HOST
Immune responses against
Vector

be carefully considered (Bessis et al 2004; Tang et al 2006;
Annoni et al 2013; Calcedo and Wilson 2013; BasnerTschakarjan and Mingozzi 2014).
Design and selection of the gene transfer vector
The transgene expression cassette contains i) a transgene,
which is commonly a cDNA and may be codon-optimised
to achieve higher expression of the transgene product, ii) an
enhancer/promoter, the selection of which determines the level of transgene expression, cell-type restricted specificity of
expression and also influences the risk of insertional mutagenesis, iii) various pre- and/or post-regulatory elements to stabilise transgene mRNA and therefore increase the yield of transgene product, e.g. addition of an intron downstream of the
promoter containing a bacterial replication origin (Lu et al
2017) or the woodchuck hepatitis virus post-transcriptional
regulatory element (WPRE) (Lipshutz et al 2003),
respectively.

Several options are available to deliver the transgene
expression cassette to the target cell/organ
Injection of naked DNA, either as plasmids (Doenecke et al
2010; Oishi et al 2016) or mini-circles (Viecelli et al 2014;
Hou et al 2016; Wu et al 2016), is a simple mode of transgene
delivery which lends itself to local delivery and is relatively

Transgene product

non-immunogenic compared to some viral vector approaches
(Wolff and Budker 2005). Mini-circles are devoid of plasmid
backbone DNA; this may enhance transgene expression by
overcoming heterochromatin formation and avoiding inflammation triggered by bacterial DNA (Mayrhofer et al 2009).
These approaches allow easy production of therapeutic material with a good safety profile and capable of eliciting longlasting transgene expression in post-mitotic tissues (Wolff and
Budker 2005; Kay et al 2010). These approaches have been
employed in ∼17% of gene therapy trials so far (http://www.
abedia.com/wiley/(accessed 2017 Jan 06)). The
hydrodynamic injection technique, developed in small
animal models, consists of injecting DNA plasmids or minicircles in a large vehicle volume to flood the liver with
pressurised DNA solution; this disrupts vascular endothelium,
and allows high levels of transgene expression in small or
large animal models (Liu et al 1999). Although hydrodynamic
injections are difficult to translate to humans, intravascular
hydrodynamic procedures with partial catheterisation for
liver-directed gene delivery have shown some success in large
animals (Sendra et al 2016; Yokoo et al 2016). However,
current translatable options of non-viral approaches remain
limited. Therefore viral vectors, acting as Trojan horses to
increase transduction efficiency, are frequently considered.
Non-viral vectors are synthetically produced biological
particles, in which the transgene is encapsulated, or complexed, and released at the target site. Various engineered
nanoparticles exist, e.g. liposomes or/and polymers (Chira
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et al 2015). These options have several advantages: easy production, no restriction of the transgene size, and a reliable
safety profile. Limitations are the stability of these particles,
cellular uptake and a limited ability to achieve long-lasting
transgene expression (Elsabahy et al 2011). These are therefore suboptimal delivery vehicles for liver-directed clinical
trials.
Virus-derived vectors represent an attractive approach based
on their relatively efficient transduction human cells. The main
vectors that have been used in clinical trials are derived from
adenoviruses (21%), retroviruses (excluding lentiviruses)
(19%), adeno-associated viruses (7%) and lentiviruses (6%)
(http://www.abedia.com/wiley/(accessed 2017 Jan 06)).

Retroviral vectors
Gamma-retroviruses such as murine leukaemia viruses
(MLVs) are RNA viruses encoding gag, pol and env genes
flanked by long terminal repeats (LTRs), which carry
enhancers/promoter elements and are required for integration.
After transduction of the target cell, reverse-transcription generates a double-stranded DNA copy of the proviral genome,
which then integrates in the host genome providing long-term
transgene expression. Gamma-retroviruses are unable to transduce non-dividing cells as the nuclear membrane prevents
retroviral vectors from entering the nucleus (Miller et al
1990). This explains why this vector is more often considered
for ex vivo gene therapy in which cultured target cells are
stimulated to replicate and then transduce. Lentiviruses are a
class of retroviruses, the most widely known of which is
HIV1. Lentiviral vectors are able to transduce dividing and
non-dividing cells, which broadens their application.
Retroviral vectors have relatively large transgene capacities
(7.5 kilobases (kb)) (Verma and Somia 1997). In fact payloads
exceeding 14 kilobases have been packaged into lentiviral
vectors (Counsell et al, 2017).
Clinical applications and limitations: In an early gene therapy trial, a γ-retroviral vector was used in an ex vivo approach
with autologous hepatocytes in five patients with homozygous
familial hypercholesterolemia. This showed a mild improvement of lipid profiles in two patients with a very low rate of
stable engraftment at 4 months after gene therapy (Grossman
et al 1994; Grossman et al 1995). Several limitations emerged
from this trial: i) the need for two invasive procedures, i.e. the
surgical resection of a liver lobe to obtain sufficient primary
hepatocytes for transduction as hepatocytes cannot be expanded in culture and reinjection of transduced hepatocytes into the
portal circulation via a local catheter, with the associated risks
of venous thrombosis, catheter misplacement and haemorrhage (Grossman et al 1994; Raper et al 1996). The efficiency
with which hepatocytes were harvested and transduced was
low, 30% and 10% respectively (Grossman et al 1995).

Protocols for lentiviral-mediated gene therapy have improved
with in vitro transduction efficacy reaching 90% in nonhuman and human hepatocytes (Nguyen et al 2009).
Hepatocyte transplantation, however, remains relatively inefficient and variable, likely due to poor engraftment, limited
persistence of engrafted hepatocytes and the lack of a proliferative advantage (Gramignoli et al 2015).
Retroviral-mediated in vivo gene therapy was well tolerated when vector was administered intravenously in
haemophilia A patients, but no significant clinical benefits
were observed (Powell et al 2003). Preclinical studies failed
to accurately predict the therapeutic dose and it was suggested
that retroviral vectors were unable to transduce non-dividing
hepatocytes (Chuah et al 2004). Therefore, alternative viral
vectors, including lentiviral vectors, have been developed for
treatment of hemophilias. Indeed two promising approaches
with lentiviral vectors are in preclinical development: i) systemic lentiviral-mediated liver-restricted gene therapy in a dog
model of haemophilia B, which showed long-term efficacy,
induction of liver tolerogenic properties in stimulating
CD4+CD25+FoxP3+ regulatory T cells and no evidence of
genotoxicity in mice (Cantore et al 2015). The immune tolerance is of particular interest for patients with anti-FIX inhibitors, who are currently excluded from gene therapy trials; ii)
ex vivo transduction of haematopoietic stem cells (HSC) in
mice with successful FIX gene expression to target cells of the
erythroid (Chang et al 2008) or the megakaryocyte lineage
(Chen et al 2014). A lentiviral vector is currently in preclinical
development for haemophilia B (Dolgin 2016). Lentiviral
vectors are able to accommodate large transgenes such as
FVIII gene for haemophilia A (Kuether et al 2012).
Lentiviral-mediated liver-directed ex vivo gene therapy has
been successfully reported in a pig model of tyrosinaemia 1
using the selective advantage of Fah+/+ modified hepatocytes
(Hickey et al 2016).
The risk of insertional mutagenesis has been reported with
retroviral vectors (Cavazzana-Calvo et al 2000; Mukherjee
and Thrasher 2013), however, there is evidence that the risk
is lower with lentiviral vectors (Kotterman et al 2015). To
improve safety, self-inactivating (SIN) vectors have been developed in which LTR enhancer/promoter elements in the U3
region have been deleted (Miyoshi et al 1998; Zufferey et al
1998). This, however, does not completely eliminate the risk
of insertional mutagenesis as heterologous enhancer-promoter
elements still need to be included in vector constructs.
Genotoxicity has been observed after foetal injections of
non-primate and primate SIN-lentiviral vectors (Nowrouzi
et al 2013; Condiotti et al 2014). So far, more than 125 patients
over 14 years have been treated with haematopoietic stem
cells or T cells transduced by lentiviral vectors with no oncogenic event reported (Cartier et al 2009; Biffi et al 2013;
McGarrity et al 2013; Booth et al 2016). Another approach
relies on the mutation of the integrase protein to generate non-
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Na phenylbutyrate supplementation

Na benzoate supplementation

L-arginine supplementation

Plasma arginine (RI 30-126
μmol/L)
Plasma argininosuccinic acid
(RI <5 μmol/L)
Protein restricted diet

Miscellaneous

Kidney appearance (ultrasound)

Liver

Neurology

Frequency
Daily protein allowance (g/kg/day)
Frequency
L-arginine (mg/kg/day)
Frequency
Na benzoate (mg/kg/day)
Frequency
Na phenylbutyrate (mg/kg/day)

16/20 (80%)
1.2 ± 0.1
20/20 (100%)
155 ± 25
2/22 (9%)
134 ± 33
2/22 (9%)
57 ± 12

234 ± 64

512 ± 92
20/20 (100%)
1.2 ± 0.14
20/20 (100%)
239 ± 28
17/19 (89%)
215 ± 18
7/19 (37%)
200 ± 50

15.1 (1–53)
4/23 (18%)
23 (16.7–57)
23/23 (100%)
2.5 (1–6)
11/23 (48%)
2 (0.7–11)
6/23 (26%)
3/23 (13%)
5/10 (50%)
3/23 (13%)
13.0
4/23 (17%)
23 (1–53)
81 ± 24
2/9 (22%)
0/3 (0%)
4/23 (17%)
3/23 (13%)
1/23 (4%)
0
/
5/23 (22%)
7.3 ± 2.2
3/20 (15%)
102 ± 12

212 ± 67

11 (1.9–25.7)
2/23 (9%)
11 (1.9–25.7)
18/21 (86%)
2 (0.1–4)
8/21 (38%)
9 (1.5–13)
3/21 (14%)
4/21 (19%)
5/9 (56%)
17/21 (81%)
2.5 (0–12)
18/21 (86%)
0.15 (0–6)
238 ± 77
8/18 (44%)
2/7 (29%)
16/23 (70%)
3/23 (13%)
13/23 (56%)
1
11
0/23 (0%)
/
10/21 (48%)
126 ± 19

861 ± 120

Ammonia (RI < 100 μmol/L
if <28 days of life; <50 μmol/L
if >28 days of life)
Mean follow-up (years)
Patients lost
Age (years)
Developmental delay
Age when first reported (years)
Epilepsy
Age when first reported (years)
Ataxia
Myopathic features
Abnormal brain MRI
Hepatomegaly
Age when first reported (years)
Raised ALT
Age when first reported (years)
ALT (RI 20–50 IU/L)
Enlargement (>95th centile)
Poor corticomedullar differentiation
Hypokalaemia: total
Persistent
Intermittent
Arterial hypertension
Age when first reported (years)
Trichorrhexis nodosa
Age when first reported (years)
Severe diarrhoea

23 (16 = 70%)
11/12
2/23 (9%)
21/23 (91%)
2.75 years (0.25–12)

Late onset

6/7 (86%)
1.4 ± 0.08
7/7 (100%)
251 ± 45
6/7 (72%)
167 ± 17
1/7 (14%)
NA

238 ± 206

15.6 (8–18.2)
2/10 (20%)
15.6 (8–18.2)
7/8 (88%)
3.1 (2–4)
3/8 (38%)
8.5 (8–9)
0/8 (0%)
0/8 (0%)
2/4 (50%)
5/8 (62%)
07.5 (0.9–11)
6/8 (75%)
7 (3–7)
181 ± 50
2/5 (40%)
1/2 (50%)
6/10 (60%)
1/10 (10%)
5/10 (50%)
0
/
0/10 (0%)
/
4/10 (40%)
134 ± 15

10 (1 = 10%)
8/2
5/8 (62%)
9/10 (90%)
2 antenatally
8 neonatally
84 ± 18

Screened

42/47 (89%)
1.2 ± 0.07
47/47 (100%)
201 ± 20
25/48 (52%)
191 ± 15
10/48 (21%)
143 ± 31

356 ± 62

17/51 (33%)
116 ± 9

12.4 (0–53)
8/56 (14%)
15.6 (1.9–57)
48/52 (92%)
2 (0.1–6)
22/52 (42%)
5.5 (0.7–13)
9/52 (17%)
7/52 (13%)
12/23 (52%)
25/51 (49%)
2.5 (0–12)
28/51 (55%)
1 (0–53)
169 ± 37
12/32 (38%)
3/12 (25%)
26/56 (46%)
7/56 (12%)
19/56 (34%)
1
11
5/56 (9%)

530 ± 85

56 (20 = 36%)
31/25
21/52 (40%)
46/56 (82%)
2 years (0–12)

Total

ALT alanine aminotransferase, NA not available, RI range interval

Age at diagnosis, currently, at first occurrence of symptom and duration of follow-up are presented as median ± range. Other figures show mean ± standard error. Hypokalaemia-total includes patients with
intermittent and persistent hypokalaemia. Follow-up is considered until December 2015. Plasma arginine and argininosuccinic acid concentrations reflect the last ten measurements performed during
follow-up when patients were in a compensated metabolic state on their standard treatment

Therapeutics

Biology

Phenotype

Follow up

At diagnosis

23 (3 = 10%)
12/11
12/23 (52%)
16/23 (73%)
4 days (2–8)

Number (adult)
Sex (M/F)
Consanguinity
Patients still living
Age

Early onset

Epidemiological and clinical data for the three analysed cohorts: early-onset, late-onset and screened patients

Epidemiology

Table 1
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B and Pompe disease (Rastall et al 2016) in non human
primates.
However, the acute innate immune response directed against
capsid proteins is not abolished in HD-Ad vectors (Muruve et al
2004). For both first-generation and helper-dependent adenoviral
vectors, this acute immune response is dose-dependent and can
be lethal at high doses in non human primates (Morral et al 2002;
Brunetti-Pierri et al 2004). Differences in the severity of the
immune response between species have emerged due to variable
interactions between blood cells and hepatic microarchitecture
such as size of liver sinusoidal fenestration (Piccolo and
Brunetti-Pierri 2014). The activation of this innate immunity is
multifactorial. Adenoviral particles can trigger the immune response by binding to Toll-like receptors (TLR2, TLR9) at the
surface of antigen presenting cells, and/or activate the complement cascade in the bloodstream (Kiang et al 2006; Zhu et al
2007). Kupffer cells recognise the adenoviral capsid either via
antibody-mediated opsonisation or in binding complement factors. Kupffer cells develop a pro-inflammatory state with necrotic
death, which further disseminate the immune response
(Schiedner et al 2003).
In vivo HD-Ad mediated gene therapy has been performed
in one patient in a phase I trial for haemophilia A. After a
single intravenous low-dose injection, the patient developed
flu-like symptoms with transient fever, chills, back pain, headache and transient biological abnormalities including thrombocytopenia, laboratory features of disseminated intravascular
coagulopathy, increase in interleukin 6 levels, and elevated
liver transaminase levels peaking at 7 days (marked as grade
3 liver toxicity) (Chuah et al 2004; White and Monahan 2005;
Chandler and Venditti 2016). The patient expressed 1% FVIII
for some months but the trial was halted for safety reason
although biological abnormalities came back to normal within
19 days. Unfortunately, this trial has not been published in a
peer-reviewed format and few details are available (Piccolo
and Brunetti-Pierri 2014). The cause of these symptoms remains unclear although, as supposed for the OTC trial involving Jesse Gelsinger, the innate immune response against the
adenoviral capsid and its subsequent release of cytokines has
been suspected (Chuah et al 2004). Contamination by an adenoviral helper virus remains a possible explanation (Chuah
et al 2004).
Despite limited application for liver monogenic disorders,
adenoviral vectors have been successfully used for oncolytic
virotherapy (Rosewell Shaw and Suzuki 2016) and vaccination (Majhen et al 2014), which exploits adenoviral
immunogenicity.

Adeno-associated viral vectors
Adeno-associated viruses (AAV) are non-enveloped, singlestranded DNA viruses that belong to the Dependovirus genus

and the Parvoviridae family. Initially identified as a contaminant of an adenoviral preparation (Atchison et al 1965), the
virus was later shown to require co-infection with a helper
virus to replicate. In the absence of helper virus, AAV can
enter target cells and establish latent infection through genomic integration and/or formation of episomes. AAV is widely
considered non-pathogenic and has yet to be definitively
linked to disease causation. AAVs can transduce dividing
and non-dividing cells. The seroprevalence against the most
common serotype AAV2 is 40–60% (Louis Jeune et al 2013).
AAV virions consist of an icosahedral capsid of approximately
22 nm in diameter enclosing a 4.7 kb single-stranded genome.
The genome is flanked by two 145 nucleotide inverted terminal repeats (ITRs) containing all of the necessary cis-acting
functions for proviral rescue, genome replication and packaging. The viral genome encodes 4 Rep proteins required for
proviral rescue and genome replication, and three viral proteins VP1, VP2 and VP3, which assemble to form the capsid
(Fig. 2A) (Samulski and Muzyczka 2014). Some, but not all,
AAV capsid serotypes (Earley et al 2017) require expression
of an assembly-activating protein (AAP) encoded by an alternative reading frame of the Cap gene and providing scaffolding activity (Naumer et al 2012). Numerous AAV serotypes
have been isolated from humans, non-human primates and
other species, with the viral capsid determining species and
target cell tropism through interaction with a diversity of cell
surface receptors/co-receptors and intracellular trafficking
pathways that remain incompletely understood. A multiserotype AAV receptor has been recently identified (Pillay
et al 2016), but its precise role in uptake and trafficking has
yet to be elucidated (Summerford and Samulski 2016). For
example, AAV3B uses the human hepatocyte growth factor
(hHGF) receptor, which restricts transduction to primates and
especially to the liver (Vercauteren et al 2016).
Since 2004, AAV vectors have emerged as the leading
candidates for gene therapy in monogenic liver disorders
with the best accepted benefit-risk ratio (Dolgin 2016).
Therefore, the following sections focus on this gene
transfer approach detailing clinical successes and current
limitations.
AAV2 is the most widely studied serotype and was the
first to be vectorized. To generate a recombinant AAV vector the native Rep and Cap genes are removed and replaced
by a transgene expression cassette with only the flanking
ITRs retained (Fig. 2A). Recombinant virus is produced by
supplying Rep and Cap and necessary adenoviral helper
functions in trans. A major development in AAV vector
technology was the demonstration that recombinant
AAV2 genomes can be cross-packaged, or pseudoserotyped, with the capsids from other AAV serotypes
(Rabinowitz et al 2002). This has dramatically broadened
the cell types that can be efficiently targeted with AAV
vectors. For example, pseudo-serotyping a recombinant
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Fig. 2 Synthesis of an AAV
vector. (a) Initially, the singlestranded proviral DNA is excised
to remove Rep and Cap genes
from different wild type AAV
serotypes. The transgene
expression cassette containing the
promoter, the transgene and
various regulatory elements is
cloned between the 2 ITRs, which
are the only wild type AAV
sequences retained. (b) For vector
synthesis, triple transfection of
three plasmids is performed in a
packaging cell with proviral
plasmid encoding the
recombinant viral genome, a
plasmid containing Rep and Cap
and a helper plasmid.
BPseudotyped^ AAV vectors
contain ITRs from a specific AAV
serotype (usually AAV2) and a
Cap gene encoding viral proteins
(VP1, 2 and 3) from a different
serotype (e.g AAV8) in order to
provide organ-specific
transduction of the recombinant
AAV vector named AAV2/8.
AAV: adeno-associated virus;
Adv: adenovirus; ITR: inverted
terminal repeat

a
Wild type
AAV
AAV1

AAV2

AAV3B AAV4

AAV5

AAV7 AAV8 AAV9

Wild type AAV2

Capsid

Proviral
DNA

ITR

Promoter

AAV6

Regulatory
elements

Transgene

Rep

Cap

ITR

ITR

Transgene
expression
cassette

ITR

ITR

Transgene expression cassette

ITR

b
AAV2 ITRs

ITR

AAV8 Rep
& Cap genes

Rep

Transgene
expression
cassette

ITR

Cap

Adv helper plasmid

AAV2 vector genome with the AAV8 capsid (designated
AAV2/8) enhances tropism for hepatocytes, particularly in
the mouse (Fig. 2B). AAV vectors bind to target cells via
specific receptors and co-receptors that differ in a capsiddependent manner and are taken up by endocytosis or
macropinocytosis, before being trafficked to the nucleus
for capsid uncoating. The uncoated genomes can remain
in the nucleus in single-stranded form, be converted to
double-stranded episomes or undergo genomic integration
(Fig. 3) (Berry and Asokan 2016). Conversion of input
single-stranded genomes to double-stranded transcriptionally active forms occurs with variable efficiency in different cell types. Self-complementary (sc) vectors differ from
single-stranded vectors (ss) in that they contain a selfcomplementary transgene cassette that folds back on itself
to form double-stranded DNA thereby bypassing the requirement for second strand synthesis, which is considered
as a rate-limiting step for transgene expression. As a consequence the packaging size of the transgene cassette in
scAAV is reduced by half (McCarty 2008).

AAV8 Cap

Pseudotyped
AAV2/8 vector

Clinical successes of liver-directed AAV-mediated
gene therapy
A rapidly increasing number of publications have reported
proof-of-concept for AAV-based gene therapy in animal
models for various inherited liver disorders including urea
cycle defects, organic acidurias, phenylketonuria, glycogen
storage disease type Ia, long chain fatty acid oxidation disorders, homozygous familial hypercholesterolemia, primary
hyperoxaluria type I and progressive familial intrahepatic cholestasis (Hastie and Samulski 2015; Junge et al 2015).
In parallel, pioneering trials have been conducted since the
2000s, two of which targeted haemophilia B. This disease is
an attractive target for gene therapy as an increase in plasma
factor IX (FIX) of as little as 1% can confer significant phenotypic improvement. Haemophilia B is a burden in public
healthcare systems with an annual cost of $300,000 for severely affected patients (Angelis et al 2015).
In 2004, a ssAAV2.ApoE/hAAT.hFIX vector, administered
via the hepatic artery, showed a transient increase of plasma
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Fig. 3 AAV vector uptake, in-cell processing and initiation of the
immune response. Fenestrated endothelium of hepatic sinusoids allows
the AAV vector to freely reach the hepatocyte. Once reaching the target
cell, the vector binds an extracellular receptor and co-receptor specific to
the capsid motifs. After an uptake by endocytosis, the vector is trafficked
in the cytoplasm in early then late endosome. Acidification of the
endosome modifies the capsid conformation. After endosomal escape,
the AAV vector enters the nucleus via the nuclear pore complex. Capsid
uncoating and release of the proviral DNA precede the synthesis of the
2nd strand of DNA. The viral genome then persists either as a non-

integrated single- or double-stranded episome (99%) or (small
percentage) integrates into the host genome (1%). Expression of the
transgene is followed by synthesis of the protein of interest. Cellmediated immune responses are initiated by the degradation of capsid
or the transgene product (protein) in the proteasome and presentation at
the surface of the transduced cell via the major histocompatibility
complex I. CD8+ T cells recognise the antigen at the cell surface and
initiate the immune cascade. Neutralising antibodies bind to the vector
in the bloodstream and impair or prevent successful transduction of the
organ target. MHC1: major histocompatibility complex I

FIX from <1% to 3–11% over 4 weeks followed by a gradual
decline over 4–8 weeks concomitant with transient asymptomatic rise in transaminases levels (Manno et al 2006), later
recognised as T cell-mediated cytotoxicity (Mingozzi et al
2007).
In 2009, Nathwani et al, injected a scAAV2/8.LP1.hcoFIX
vector via a peripheral intravenous route and elicited a longlasting (>5 years) increase of plasma FIX from <1% to 1–8%
(Nienhuis et al 2016). Elevated transaminases occurring 7–
10 weeks post-injection resolved after an oral course of

corticosteroids, but were associated with a decrease of 50–
70% in plasma FIX levels attributable to a cellular immune
response against capsid epitopes (Nathwani et al 2014).
D’Avola et al, recently reported results of a trial of
scAAV2/5.hAAT.hcoPBGD vector in acute intermittent porphyria with peripheral intravenous delivery. No vector-related
safety issues were reported and the rate of disease-related
hospitalisation decreased, potentially as a consequence of
closer metabolic follow-up. No change was observed in the
levels of metabolic biomarkers (D’Avola et al 2016). This
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might be explained by a less efficient liver transduction mediated by AAV5 relative to AAV8 and a reduced expression of
the episomal transgene compared to the endogenous gene of
interest (Baruteau et al 2017). However, no liver biopsy data
was available to address this assumption.
Preliminary reports from ongoing clinical trials have confirmed Nathwani’s promising results for haemophilia B. After a
single intravenous injection of AAV vectors with different capsids encoding the FIX gene or its Padua FIX variant, which
contains a gain-of-function mutation, reported stabilised plasma
FIX levels have ranged from 3 to 8% in the AMT-060 trial
sponsored by Uniqure (Miesbach et al 2016) and the DTX-101
sponsored by Dimension Therapeutics (http://dimensiontx.com)
to 20–44% in the high-dose cohort of the BAX 335 trial sponsored by Shire (Monahan et al 2015) and in the SPK-9001 trial
sponsored by Spark Therapeutics/Pfizer (George et al 2016). In a
haemophilia A gene therapy trial, BioMarin reported plasma factor VIII (FVIII) from 4 to 60% in the high-dose group of the
BMN 270 trial (Pasi et al 2016) (Table 1). Importantly, endogenous FVIII is primarily secreted by endothelial cells (Fahs et al
2014). All the AAV-based trials have so far involved only adult
patients, who had an undetectable baseline titre of neutralising
antibodies to the capsid (usually accepted cut-off of 1/5 serum
dilution). Monogenic liver disorders in AAV-based gene therapy
development pipelines of pharmaceutical companies include
OTCD, glycogen storage disease type Ia, citrullinemia type I,
phenylketonuria, Wilson disease, methylmalonic acideamia and
Crigler-Najjar syndrome (Kattenhorn et al 2016).

Current challenges
Insertional mutagenesis
Despite more than 170 AAV-based human trials approved,
ongoing or completed (http://www.abedia.com/wiley/
(accessed 2017 Jan 06)), no tumorigenic events have been
reported so far. AAV vector genome mainly persists as
episome in the transduced cell with a relatively low
proportion of vector genomes undergoing integration
preferentially in transcriptionally active genes, damaged
DNA or enriched CpG islands (McCarty et al 2004).
Experiments in neonatal mice have identified an increased risk
of hepatocellular carcinoma (HCC) after systemic injection.
This risk increased with the enhancer/promoter activity, younger age at time of injection and vector dose (Donsante et al
2007; Chandler et al 2015; Chandler et al 2017). Analysis of
integration sites identified a rodent-specific hotspot in the
Rian locus. Integration studies from human trials have not
shown such hotspots, but rather a genome wide integration
pattern involving neither HCC-related genes nor the human
Rian homologue, Dlk1-Dio3 (Kaeppel et al 2013; Gil-Farina
and Schmidt 2016).

Controversies remain regarding the possible insertional
mutagenic effects of wild type AAV. Detection of a clonal
expansion of wild type AAV2 sequences in 11/193 HCCs
within HCC-related genes (Nault et al 2015) initiated a passionate and unresolved debate about Bdriver^ or Bpassenger^
cancer-related genetic modifications (Berns et al 2015;
Buning and Schmidt 2015). The cumulative safety experience
with the rapidly growing number of AAV-based trials
targeting the human liver, combined with the low rate of
HCC-associated AAV integrations despite the high seroprevalence of wild type AAV in the human population (e.g. >50%
for AAV2) (Thwaite et al 2015) are consistent with a
favourable safety profile of AAV vectors. Nevertheless the
findings of Nault et al warrant further studies and mandate
close monitoring in ongoing human trials.
Immune response
After vector delivery, non-specific innate immunity triggers both type I interferon signalling involved in transgene silencing (Suzuki et al 2013) and the release of proinflammatory cytokines (Jayandharan et al 2011). Highlyspecific and long-lasting adaptive immunity generates Band T-cell responses against the capsid and/or the transgene product (Fig. 3). Neutralising antibodies against the
capsid, even at low titers, inhibit transduction after systemic delivery (Jiang et al, 2006a, b). This barrier is of
substantial concern to gene therapy development and the
ongoing liver-directed trials are recruiting only seronegative patients without neutralising antibodies against the
AAV capsid. This narrows the target population as the
seroprevalence against liver-specific AAV serotypes
ranges from 20 to 30% for AAV5, 6 and 8 to 50–60%
for AAV2 (Louis Jeune et al 2013). Cross-reactivity between serotypes is commonly >50% (Boutin et al 2010).
This seroprevalence varies depending on geographic origin (Calcedo et al 2009) and age. Neonates receive maternal antibodies by transplacental transfer and acquired
with maternal milk, which are lost over the first months
of life. Thereafter, seroprevalence remains negligible until
3 years of age after which the seroconversion rate progressively increases until adulthood (Calcedo et al 2011;
Li et al 2012).
Human CD8+ T-cell mediated immune responses are involved in AAV hepatotoxicity and were initially encountered
during the first haemophilia B trial (Manno et al 2006). Capsid
epitopes, presented via the major histocompatibility complex I
(MHC1), were shown to drive expansion of a pre-existing
pool of CD8+ memory T cells acquired during a previous
co-infection of wild type AAV and helper virus (adenovirus
or herpes virus for example). This response was dosedependent (Mingozzi and High 2013) and could be stimulated
by alternate capsids (Mingozzi et al 2007).
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MoMLV
Retrovirus 5

Adenovirus 5

AAV2

1992

1998

1999

Product

437
NA
NA

Haemophilia B
α1-antitrypsin

Haemophilia B
Haemophilia B

AAV2/8

AAV1

AAV2/8

AAV2/5

Engineered
AAV
AAV2/5

AAV2/rh10

2009

2010

2012

2014

2015

Acute intermittent
porphyria
Haemophilia B

Haemophilia B

hAAT

Factor IX gene

hAAT

Factor IX gene

hAAt

FVIII gene

FVIII gene

Factor IX gene

OTC gene

LDL receptor gene

Therapeutic

Digna Biotech

University
Massachussets
St Jude
Children’s Hospital
Applied
Genetic
Technologies
Shire

Avigen

University
Massachussets

GenStar

Chiron

NA

University of
Pennsylvania

University of
Michigan Ann
Arbour

Sponsor

Dose

Intravenous
Intravenous
Intravenous
Intravenous

Intrahepatic
Intramuscular
Intravenous
Intramuscular

2 × 10e11 to
3 × 10e12vg/kg
5 × 10e11 to
1.8 × 10e13vg/kg
5 × 10e11 vg/kg
(Low dose)
5 × 10e12 to
2 × 10e13vg/kg

8 × 10e10 to
2 × 10e12vg/kg
6.9 × 10e12 to
6 × 10e13vg
2 × 10e11 to
2 × 10e12vg/kg
6 × 10e12 to
6 × 10e12vg/kg

Intraven- 2.8 × 10e7 to
ous
4.4 × 10e8vg/kg
Intraven- 4.3 × 10e10vg/kg
ous
Intramus- 2.1 × 10e12 to
cular
6.9 × 10e13vg

Intramus- 2 × 10e11 to
cular
1.8 × 10e12vg/kg

Intraport- 1 to 3.3 × 10e9
al
hepatocytes
(Ex
vivo
approach)
Intrahep- 2 × 10e9 to
atic
6 × 10e11vg/kg

Route

5

7

8

6

9

10

9

7

12

1

13

8

18

5

Number
of
treated
patients

Reference

Clinicaltrial.
gov identifier

Terminated Monahan
et al 2015
Terminated D’Avola
et al 2016
Recruiting George et al
2016
Recruiting Miesbach
et al 2016
Recruiting

Terminated Kay et al
2000
Manno et al
2003
Terminated Powell et al
2003
Terminated Chuah et al
2004
Terminated Flotte et al
2004
Brantly et al
2006
Terminated Manno et al
2006
Terminated Brantly et al
2009
Recruiting Nathwani
et al 2014
Terminated Flotte et al
2011

Terminated Raper et al
2003

NCT02618915

NCT02396342

NCT02484092

NCT02082860

NCT01687608

NCT01054339

NCT00979238

NCT00430768

NCT00076557

NCT00377416

NA

NA

NA

NCT00004498

Terminated Grossman
NCT00004809
et al 1994
Grossman
et al 1995
Raper et al
1996

Status

OTC: ornithine transcarbamylase; PBGD: porphobilinogen deaminase. Information sources:
clinicaltrial.gov (accessed 06/01/2017) and company websites. If the date of the start of the trial
was not available in clinicaltrials.gov website, the date of publication of the results is mentioned.
The list of trials announced for 2017 is indicative and does not pretend to be exhaustive

SPK-9001 Padua mutant factor IX Spark Therapeutics
gene
AMT-060 Factor IX gene
Uniqure
Biopharma
DTX101 Factor IX gene

BAX 335 Padua mutant
factor IX gene
NA
PBGD gene

NA

AAV1

2006

α1-antitrypsin

AAV2

2004

NA

NA

α1-antitrypsin

AAV2

2004

Haemophilia B

NA

NA

NA

NA

2004

Ornithine
transcarbamylase
deficiency
Haemophilia B

Homozygous
NA
familial
hypercholesterolaemia

Disease

MoMLV
Haemophilia A
Retrovirus
HD-Adenovirus Haemophilia A

2003

Viral vector

Year
(start of
trial)

Table 1 Clinical trials of gene therapy products for liver monogenic disorders. Intraportal and
intrahepatic routes of administration relate to injection on the portal vein and the hepatic artery
respectively. FVIII: factor VIII; FIX: factor IX; HD-adenovirus: helper-dependent adenovirus;
LDL: low density lipoprotein; MoML: Moloney murine leukaemia virus; NA: not applicable;
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Announced
for 2017

2016

Year
(start of
trial)
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AAV2/8

AT342

Audentes Therapeutics

UGT1A1 gene

MeuSIX

Mucopolysaccharidosis
VI
Crigler Najjar

AAV2/8

Shire
Dimension
Therapeutics/Bayer
Sangamo Biosciences

Freeline Therapeutics

University College
London

Spark Therapeutics

2 × 10e12 to
2 × 10e13vg/kg

Intraven- Undisclosed
ous
Intraven- 6 × 10e11 to
ous
6 × 10e12vg/kg

University of
Pennsylvania/Regenxbio
Dimension Therapeutics Intravenous

Intraven- 1.6 × 10e12 to
ous
1 × 10e13vg/kg
Intraven- 6 × 10e12 to
ous
6 × 10e13vg/kg
Intraven- cDNA 4 × 10e12 to
ous
4 × 10e13vg/kg
and ZFN
5 × 10e11 to
5 × 10e12vg/kg
Intraven- 2.5 × 10e12 to
ous
7.5 × 10e12vg/kg

Dimension
Therapeutics
BioMarin
Pharmaceuticals
Sangamo Bioscines

Dose

Route

Sponsor

Factor VIII integrating
in the albumin locus
via
Zinc-finger-nuclease
ARSB gene
NA

Haemophilia A

AAV2/6

SB-525

BAX-888 Factor VIII gene
DTX201 Factor VIII gene

Haemophilia A
Haemophilia A

Undisclosed

Factor VIII gene

FLT-180

GO-8

Haemophilia B

Haemophilia A

Engineered
AAV
AAV2/8
AVV

Engineered
AAV
AAV2/8

AAV2/8

Homozygous
RGX-501 LDL receptor gene
familial
hypercholesterolaemia
Ornithine
DTX301 OTC gene
transcarbamylase
deficiency
Haemophilia A
SPK-8011 Factor VIII gene

Factor IX
integrating in the
albumin locus via
Zinc-finger-nuclease

AAV2/8

SB-FIX

BMN 270 Factor VIII gene

Therapeutic

Haemophilia B

Haemophilia A

AAV2/5

Product

AAV2/6

Disease

Viral vector

Table 1 (continued)

Undisclosed
NA

Undisclosed

Undisclosed

Undisclosed

9

Undisclosed

Number
of
treated
patients

Not yet
recruiting

Recruiting

Recruiting

Recruiting

Recruiting

Recruiting

Status

Clinicaltrial.
gov identifier

clinicaltrials. NCT03003533
gov
clinicaltrials. NCT03001830
gov

clinicaltrials. NCT02991144
gov

clinicaltrials. NCT02651675
gov

clinicaltrials.
gov
Pasi et al
NCT02576795
2016
clinicaltrials. NCT02695160
gov

Reference

Chapter 10 - Appendices

J Inherit Metab Dis

Chapter 10 - Appendices

J Inherit Metab Dis
Hepatic lobule

Zonation
Anatomic

Pericentral

Periportal

Glutamine
synthesis

Urea cycle Functional

Central
vein

Mouse, Dog

Non-human primate
human

Preferentially transduced area after
systemic delivery of AAV2/8
Portal triad

Fig. 4 Species-related differences in transduction of the hepatic lobule by AAV vector compared with metabolic zonation for ammonia clearance:
example with AAV2/8 vector

Hepatic tolerogenic properties involve the proliferation of a
specific T cell subset, CD4+CD25+FoxP3+ Treg cells (Cooper
et al 2009) interacting with Kupffer cells (Breous et al 2009).
Expansion of these cells suppresses cytotoxic immunity
against AAV-transduced hepatocytes and induces
immunotolerance, e.g. after neonatal injection (Shi et al
2013). Regulatory tolerance requires continuous antigen presentation and has been successfully induced with transgenic
proteins (Shi et al 2013; Perrin et al 2016). In contrast, capsid
proteins are rapidly eliminated in the proteasome (Berry and
Asokan 2016) and therefore very unlikely to induce tolerance.
Various approaches aim to overcome these unwanted
immune responses in order either to treat seropositive
patients or to prevent sensitisation against the AAV capsid, which would allow reinjection in the future. Capsid
modification targeting specific epitopes can evade host
immunity (Tseng and Agbandje-McKenna 2014). Any
strategy optimising the transduction of the target organ
such as optimised expression cassette design, or capsid
modifications will in turn decrease the amount of vector
required for a similar effect. The decrease in vector
dose will further reduce the im mune response
(Mingozzi and High 2011). Various protocols involving
transient immunosuppression have been proposed in
large animal models and humans. These include plasmapheresis (Monteilhet et al 2011; Chicoine et al 2014),
monoclonal antiCD20 antibody (rituximab) (Mingozzi
et al 2013; Corti et al 2014), non-depleting antiCD4
antibody (McIntosh et al 2012), sirolimus (Corti et al
2014), cyclosporine A (McIntosh et al 2012; Mingozzi
et al 2012), tacrolimus with mycophenolate mofetil
(Chicoine et al 2014), proteasome inhibitors, e.g.
bortezomib (Monahan et al 2010) and corticosteroids
(Flanigan et al 2013; Chicoine et al 2014; Nathwani

et al 2014). One currently controversial strategy to blunt
anti-capsid immune responses, is to co-inject Bfull^
AAV vectors and Bempty^ capsids as decoys, in an attempt to competitively bind existing antibodies (Tse
et al 2015).
Optimised targeting
The ideal AAV vector would exclusively transduce the
desired target cells. This would limit unwanted immune
responses, avoid ectopic transgene expression and further reduce the already low risk of germline transmission. Extensive capsid-focused research based on highthroughput in vitro and in vivo screening of Blibraries^
of new capsid variants is ongoing in order to optimise
vectors for specific applications. These Baccelerated
evolution^ libraries are generated using strategies such
as error-prone PCR (Kotterman and Schaffer 2014;
Deverman et al 2016) and Bcapsid shuffling^ with random cut-paste sequences of wild type cap genes (Kay
2011; Louis Jeune et al 2013; Choudhury et al 2016).
This approach is paying off by generating re-engineered
AAV variants with increased transduction efficiency in
primary human hepatocytes (Lisowski et al 2014).
Germline transmission
The risk for this phenomenon is difficult to quantify.
Insertion of AAV sequences into the genome of a gamete could potentially interfere with normal foetal development or promote tumorigenicity in the progeny. So
far adult patients enrolled in AAV trials with systemic
delivery have been required to use contraception. Vector
sequences have been detected transiently in semen of
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treated patients in AAV2 (Manno et al 2006) or AAV8
(Nathwani et al 2014) trials with the latest clearance of
the vector observed at 12 weeks post-injection, quicker
in younger men, but not in an AAV5 trial (D’Avola
et al 2016). Vector was observed in seminal fluid but
not in motile sperm and spermatogonia aligned with
previous studies (Arruda et al 2001; Couto et al 2004).
Suboptimal animal models
The following examples demonstrate why animal experiments
provide limited value for predicting effects in human trials:
–

–

–

–

T-cell mediated cytotoxicity observed in the first
haemophilia B trial was not predicted by experiments in
mice, dogs or non-human primates (Pien et al 2009).
Unlike research animals, humans are exposed to wild
type AAV infections generating anti-AAV memory T
cells, which are reactivated at the time of vector exposure
(Mingozzi et al 2007).
An over 80% rate of HCC was observed in a mouse
model of methylmalonic acidaemia injected neonatally
with AAV2/8. Integration occurred in the Rian hotspot,
a rodent-specific locus absent in other vertebrate genomes
(Chandler et al 2015).
The patterns of liver transgene expression in the hepatic
lobule varies among different species. For example, using
the AAV8 capsid, transgene expression is predominantly
pericentral in mice and dogs and periportal in non-human
primates (Fig. 4) (Bell et al 2011). This is of particular
importance for liver diseases where metabolic zonation
underpins that certain metabolic functions occur predominantly in certain areas of the liver lobule, which is the
functional unit of the liver. For example, the urea cycle
activity mostly takes place in periportal hepatocytes
(Gebhardt and Matz-Soja 2014). To achieve adequate
control of severe hyperammonaemia in the OTCD mouse
model, therefore, requires a much higher than expected
dose of AAV2/8 vector carrying OTC transgene, which
might be explained by the non-physiological pattern of
liver transduction (Cunningham et al 2011). Thus, it is
difficult to reliably extrapolate vector doses for human
translation from studies in mice in liver diseases with
metabolic zonation like OTCD.
AAV2/8 vectors are capable of transducing 100% hepatocytes in adult mice (Cunningham et al 2008), but data
from human trials in haemophilia B have shown an increase in plasma FIX only 2 to 8% (Nienhuis et al 2016),
suggesting much less efficient AAV2/8-mediated hepatocyte transduction in humans. Interestingly, most studies in
a chimeric FRG (Fah −/−/Rag2−/−/Il2rg −/−) mousehuman liver model (Lisowski et al 2014; Wang et al
2015; Vercauteren et al 2016) showed that AAV3B and

AAV3B-derived vectors (AAV3-ST, AAV-LK03) are able
to transduce human hepatocytes approximately 10 times
more efficiently than AAV2/8 whilst transduction of murine hepatocytes is minimal (Lisowski et al 2014).

The FRG mouse has a combination of tyrosinaemia type I
and immunodeficiency phenotypes and is an attractive model
to study human hepatocytes in vivo with the intention of overcoming limitations due to species-specificity (Azuma et al
2007). Human Fah+/+ hepatocytes have a selective growth
advantage relative to the Fah-deficient native mouse hepatocytes allowing human cell engraftment up to 90% of the liver
mass (Azuma et al 2007). Moreover, this model can address
disease-specific questions if engrafted with hepatocytes from
patients with liver specific disorders. Recently, the even more
complex FRGN (Fah −/−/Rag2−/−/Il2rg−/−/NOD) mouse
model has been described in which FRG mice, developed in
a non-obese diabetic (NOD) mouse strain, are simultaneously
co-transplanted with human hepatocytes and human
haematopoietic stem cells (Wilson et al 2014).
Limited capacity of AAV vectors
The single-stranded AAV vector can accommodate a transgene cassette of approximately 4.6 to 5 kb (Hirsch et al
2016). This capacity is reduced by half (2.3 kb) in selfcomplementary (i.e double-stranded) vectors. This is a major
limitation compared to non-viral or other common viral vectors like lentiviral/retroviral vectors (up to at least 14 kb
(Counsell et al 2017)) or helper-dependent adenoviruses (up
to at least 38.9 kb (Suzuki et al 2011)). To deliver oversized
transgenes, several approaches have been developed.
Designing mini-promoters or mini-genes of interest can be
successful (Yan et al 2015). Alternatively, dual AAV cotransduction has been successfully tested either with split
AAV or fragment AAV (Hirsch et al 2016). Split AAVs use
the inherent tendency for intermolecular genome association
observed with AAV genomes via either homologous recombination (HR) or non-homologous end joining (NHEJ) to produce concatemers. The overlapping approach uses vectors A
and B, which display a homology sequence to promote intermolecular homologous recombination (Duan et al 2001; Koo
et al 2014). In the trans-splicing approach, two splice sites in 3′
cDNA of vector A and 5′ cDNA of vector B are recognised in
concatemerized provirus to generate the single DNA molecule
of the oversized gene of interest (Duan et al 2001). A combination of the two approaches is known as the hybrid transsplicing technique (Trapani et al 2014). In fragment AAV, the
transgene is not entirely encapsidated but only fragments of
different size, which can recombine on overlapping regions
(Hirsch et al 2016). A limitation common to these approaches
is reduced functional transduction efficiency.
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Limited manufacturing capability
For the last couple of years, the rise in demand for goodmanufacturing practice (GMP) AAV vectors for preclinical
and clinical studies has created a bottleneck, delaying a number of projects. The industry is progressively taking up the
gauntlet and developing improved and innovative methods
for vector production in larger bioreactors with optimised reagents, purification techniques and packaging cell lines
(Clement and Grieger 2016; Grieger et al 2016).
Gene therapy requires an innovative economic model
for success in modern healthcare
Patients with inherited metabolic disorders individually impose a much heavier financial burden on the healthcare system
compared to the average person. For example, the lifetime
cost for methylmalonic/propionic acidaemias and Gaucher
disease is $1.5 and 5 million, respectively (Li et al 2015;
Orkin and Reilly 2016). Gene therapy has the potential to
achieve substantial savings. For example, a haemophilia B
trial has shown that single injection of the gene therapy product in a cohort of ten patients can save more than $2.5 million
over three years for the healthcare system in the UK
(Nathwani et al 2014).
It is likely that to recover the investment in product development, companies will need pricing gene therapy treatments
ambitiously when their products reach market. However, the
cost of treatment will need to be affordable for public
healthcare systems. The first gene therapy product approved
by the European Medicines Agency (EMA), Glybera®, is
marketed by Uniqure. This drug has been in development
for 8 years, with the initial developer going bankrupt and a
currently proposed market cost of $1.2 million per patient
(Bryant et al 2013). GlaxoSmithKline‘s Strimvelis® is the
second gene therapy product to reach the market and was
approved by the EMA in 2016. This gene therapy product,
which targets ADA-SCID has been in development for over
16 years and the proposed cost is $665,000 per patient
(Hoggatt 2016; Schimmer and Breazzano 2016).
Over the last 20 years, greater than $4.3 billion have been
spent on development of gene therapy technology and return
on this investment is still awaited (Ledley et al 2014).
Although most of the gene therapy programmes remain in
the early stages of development, healthcare economists are
generating models to cost treatments, which might provide
lifelong cures. A pay-for-performance system has been proposed with yearly-capped annuity paid to the pharmaceutical
company if criteria of a metabolic control of the disease are met
(Touchot and Flume 2015). These criteria might reflect costeffectiveness and not only cost-saving. This approach values
the gain in quality of life estimated by quality-adjusted life
years (QALY) analysis, which includes many parameters such

as lifespan and ability to work (Orkin and Reilly 2016).
Vouchers systems with longer financial incentives might be
another option (Schimmer and Breazzano 2016).
In parallel, the regulatory framework is evolving with the
progress of technology and the increasing experience being
gathered from human trials. The Food and Drug
Administration (FDA) and the EMA have published recommendations for gene therapy products (Narayanan et al 2014).
The need for shorter and less expensive paths to clinical trials
and conditional approval relying more on human data for
safety and efficacy has now been recognised, as exemplified
by the FDA’s Breakthrough Therapies programme and the
EMA’s Adaptive Pathways and Priority Medicines (PRIME)
schemes which were launched in 2012, 2014 and 2016, respectively (Mullard 2016). These more flexible pathways will
need to be agreed by government funding bodies (Macaulay
2015).

Considerations for paediatric application
Paediatric administration of gene therapy has several theoretical advantages (McKay et al 2011). These include prevention
of early death or irreversible neurological sequellae, transduction of stem/progenitor cells and possible avoidance of immune response as neonates have an immature immune system,
while infants and children have lower rates of pre-existing
anti-AAV immunity. The potential for even earlier gene therapy intervention has been explored in late gestation foetal
macaques by intrahepatic injection of scAAV2/8 and
scAAV2/5 vectors. Plasma human FIX levels of 8–112% were
observed during a median follow-up period of 14 months
without evidence hotspot integration and HCC (Mattar et al
2011).
There is a theoretical risk, however, of increased tumorigenicity in the developing liver as observed in experiments performed in neonatal mice (Donsante et al 2007; Chandler et al
2015). A further challenge in the paediatric liver is the likely
progressive loss of vector genomes over time in concert with
hepatocellular proliferation. More than 90% of the AAVdelivered transgene cassettes exists as non-integrated episomes (Cunningham et al 2008). The human liver weight
doubles at 4 months, 16 months, 6 years and 12 years of
age, which means that the adult liver is 16 times heavier than
the neonatal liver (Coppoletta and Wolbach 1933; Sunderman
and Boerner 1949). Therefore, it is unlikely that a neonatal
injection will be sufficient to provide lifelong correction of the
phenotype in metabolic liver diseases, with reinjection during
the phase of rapid liver growth likely to be necessary.
An alternative approach to reinjection could be the use of
integrating vectors and or locus-specific genome engineering.
Sangamo Therapeutics Inc. is developing tools for transgene
integration into the albumin locus and uses zinc finger
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nucleases coupled with AAV technology. Other genome
editing tools have been successfully tested with AAV vectors
in a neonatal OTC deficiency mouse model. In these experiments, two AAV vectors were injected simultaneously, one of
which encoded the transgene and the other the enzymatic system for integration or site specific cutting by Piggybac
transposase (Cunningham et al 2015) and CRISPR-Cas9
(Yang et al 2016), respectively.

Muscle-directed gene therapy for liver monogenic
disorders
Muscle-directed gene therapy has been developed for liver
monogenic disorders with secreted protein such as
haemophilia A and B and α1-antitrypsin deficiency.
Intramuscular injections might circumvent some caveats observed with systemic injection, the common route of delivery
for liver-targeted gene therapy: limited biodistribution with
reduced risk of germline transmission, minimal exposure to
circulating neutralising antibodies, reduced dose of vector for
a similar effect.
A proof of concept using AAV2 vectors in mice (Herzog
et al 1997) and dogs (Herzog et al 1999) affected by
haemophilia B paved the way for a clinical trial (Kay et al
2000; Manno et al 2003), which showed a safe profile with
long-standing expression in some patients (Jiang et al, 2006a,
b; Buchlis et al 2012) but only a mild increase in plasma factor
IX around 1% (Manno et al 2003). Depending on the dose
considered, dozens to hundreds of intramuscular injections are
necessary, which makes this route particularly impractical. For
instance, Manno et al administered between 10 to 90 injections per patients in lower limbs (Manno et al 2003). Similarly,
a proof of concept in mice with haemophilia A has been reported (Mah et al 2003).
Three AAV-mediated clinical trials have been conducted
for α1-antitrypsin deficiency. In this disorder, a plasma level
of wild-type (M) α1-antitrypsin above 11 μM is considered
reducing the risk of developing emphysema. A first trial based
on an AAV2 capsid showed an acceptable safety profile with
mild local reactions at the site of intramuscular injection (redness, tenderness, bruising) and a seroconversion against
AAV2. Unfortunately, only one out of 12 patients demonstrated a minimal increase of plasma M α1-antitrypsin at 82 nM
(Flotte et al 2004; Brantly et al 2006). Two other trials (phase I
then phase II) were conducted with a vector based on AAV1
capsid known for its better muscle transduction compared to
AAV2 (Flotte et al 2011). In both trials, minor side effects and
a seroconversion against AAV1 were observed (Brantly et al
2009; Flotte et al 2011). A moderate infiltration of reactive T
lymphocytes in muscle biopsies was noticed (Flotte et al
2011). Plasma levels of M α1-antitrypsin were still mild, although improving in the latest trial due to higher doses

injected (412 to 694 nM in the highest dose group) but far
from the targeted protective level of 11 μM (Flotte et al 2011).

Conclusion
Over the last decade, major discoveries in the understanding of
viral vector biology have generated promising results in
pioneering clinical trials for haemophilia B using AAV vectors.
This has paved the way for a wider development of AAVmediated gene therapy for monogenic liver disorders. Although
several clinical, manufacturing and economic challenges remain,
this approach to treatment for severely debilitating diseases generated widespread enthusiasm shared by clinicians, researchers
and investors alike. Gene transfer technologies are reaching an
exciting threshold of efficacy and promise to revolutionise the
management of many currently untreatable diseases.
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Delivering efﬁcient liver-directed AAV-mediated gene therapy
J Baruteau1,2,3, SN Waddington3,4,8, IE Alexander5,6,8 and P Gissen1,2,7,8
Gene Therapy advance online publication, 12 January 2017;
doi:10.1038/gt.2016.90

Adeno-associated virus vectors (AAV) have become the leading
technology for liver-directed gene therapy.1 After the pioneering
trials using AAV2(ref. 2) and AAV8(ref. 3) to treat haemophilia B,
D’Avola et al.4 recently reported the ﬁrst-in-human clinical trial of
adeno-associated virus vector serotype 5 (AAV5) in acute
intermittent porphyria (AIP). Treatment was reported as safe, but
the main surrogate biomarkers of AIP, porphobilinogen (PBG) and
delta-aminolevulinate (ALA) were unchanged. This lack of efﬁcacy
contrasts with results from the haemophilia B trial using AAV8
capsid by Nathwani et al.,3 which showed a signiﬁcant and longlasting improvement of the clinical phenotype. Haemophilia B is
an amenable target for successful gene therapy as raising
expression of plasma factor IX (FIX) level above 1% can modify
the phenotype from severe to moderate.3 Development of a
variety of capsids for clinical application is useful to overcome preexisting neutralising antibodies. The differences in cell-speciﬁc
transduction by different AAV serotypes are primarily owing to
speciﬁcities in cellular uptake or post cell-entry processing. Indeed
AAV5 presents several theoretical advantages as an alternative
capsid to AAV8 for liver-directed gene therapy: suitable liver
tropism, less off-target biodistribution,5 low seroprevalence in
humans and minimal cross-reactivity with other serotypes.6
RELIABILITY OF ANIMAL MODELS IN CAPSID TESTING
The reliability of the available animal models for comparison of
transduction of the liver by different AAV serotypes has been
questioned.7 In the AIP trial,4 the high-dose group received
1.8 × 1013 vg kg− 1, which is equivalent to the therapeutic threshold needed to achieve a correction of the murine phenotype
(1.25 × 1013 vg kg − 1),8 but lower than that required for supraphysiological enzymatic activity in Rhesus macaques
(5 × 1013 vg kg − 1).5 AAV5 is currently used in a clinical trial for
haemophilia B with the same transgene cassette used by
Nathwani et al. (http://www.uniqure.com/news/320/182/uniQurePresents-Updated-Clinical-Data-in-Patients-with-Severe-Hemophi
lia-B-Demonstrating-up-to-9-Months-of-Sustained-Levels-of-Fac
tor-IX-Activity-and-Therapeutic-Effect.html. In.). Nine months
post infusion, the low-dose group, who received 5 × 1012 vg kg − 1,
showed a plasma FIX of 5.4% (range 3.1–6.7%; n = 5) (http://www.
uniqure.com/news/320/182/uniQure-Presents-Updated-ClinicalData-in-Patients-with-Severe-Hemophilia-B-Demonstrating-upto-9-Months-of-Sustained-Levels-of-Factor-IX-Activity-and-Ther

apeutic-Effect.html. In.), which is similar to the level observed in
the high-dose group of the AAV8 trial receiving 2 × 1012 vg kg − 1
(plasma FIX of 5.1%, range 2.9–7.1%; n = 6) 4 months post
infusion.3 These results suggest that, to obtain similar plasma FIX
levels to those achieved in AAV8 trial, administration of 2.5-fold
more AAV5 vector is necessary.
Although this assumption is made on the basis of a small
number of treated subjects, and confounded by different methods
of production, titration and puriﬁcation, it supports data obtained
after intravenous injection in different animal models:
i In murine models of AIP, AAV5 resulted in 10-fold less liver
transduction compared with AAV8.8
ii In Gunn rats, AAV5 vector was inefﬁcient at restoring
metabolic activity and achieved three times lower copy
number compared with AAV8.6
iii In Rhesus macaques, AAV5 vector produced slightly lower
plasma FIX in adult animals with slower kinetics compared
with AAV8,9 lower hepatocyte transduction after fetal
intrahepatic venous injection and lower plasma FIX 2 months
post injection ( o1 μg ml − 1 (n = 3) versus 5 μg ml − 1
(n = 1)).10
iv In Fah − / −/Rag2− / −/Il2rg− / − (FRG) mice, AAV5 achieved
transduction of 10-fold fewer of human hepatocytes than
AAV8 (0.1 versus 1.1%, respectively).11
Further results from larger human trials will provide further
information on the reliability of animal data, which will accelerate
the development of liver-directed gene therapy.
EPISOMAL VERSUS ENDOGENOUS GENE EXPRESSION
D’Avola et al.4 are the ﬁrst to report data from human liver
biopsies after AAV treatment. Interestingly, the liver vector copy
number 1 year post injection did not correlate with the escalating
doses of vector received. This ﬁnding is in contrast with the
studied tissues from animal models5,8 or plasma FIX levels in
haemophilia B trial.3 In liver biopsies with high vector copy
number of the transgene codon-optimised PBG deaminase
(coPBGD) (patients 2, 5 and 7), coPBGD mRNA expression
compared with endogenous PBGD (normalised by DNA copy
number) was lower by 45%, 76% and 36%, respectively.4 In AAVmediated gene therapy, most of the transgene DNA copies persist
as non-integrated episomes. Different episomal expression
compared with the endogenous gene of interest underpins
results observed in an ornithine transcarbamylase12-deﬁcient
Spfash mouse model. Untreated Spfash mice with a 5–7% wild-

1
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type residual ornithine transcarbamylase activity become hyperammonaemic after a short hairpin RNA (shRNA)-mediated knockdown of the endogenous ornithine transcarbamylase activity to 0–
2.5%. In shRNA-injected Spfash mice, the level of AAV-encoded
ornithine transcarbamylase activity required to normalise ammonaemia was threefold higher than the residual ornithine
transcarbamylase activity in untreated Spfash mice.13 An AAV
pattern of transduction not reproducing the physiological
metabolic zonation of the liver might have had an additional
role. Although these ﬁndings rely on a small cohort and require
caution in interpretation, various explanations might account for a
different episomal expression such as inadequate chromatinisation, incomplete circularisation of the AAV genome altering the
constitution of the open reading frame for transgene expression
or inverted terminal repeats recombination. The exact mechanism
for this phenomenon is yet to be identiﬁed.
FUNCTIONAL METABOLIC ASSAYS AS EFFICACY END POINTS
IN CLINICAL TRIALS
Finally, the use of metabolite levels as primary end point for trials
in metabolic diseases can be questioned. These surrogate markers
often reﬂect a static picture, and remain indirect assessments of
the metabolic ﬂux and its environmental or epigenetic regulation.
Indeed, haem biosynthesis is mainly regulated by haem-mediated
inhibitory feedback of the transcription of ALA-synthetase, but
other parameters can exert an inﬂuence such as glucose intake,
stress, drugs, circadian rhythm,14 and may potentially affect ALA
and PBG results. Thus, whenever feasible, stable isotope studies
would be better indicators of the in vivo dynamics of the pathway.
For example, oral administration of N15-labelled glycine can
monitor the biosynthesis of haem and its intermediate compounds in physiology and patients with inherited porphyrias.15
This approach has been successfully used in other metabolic
pathways like the urea cycle to assess ureagenesis utilising either
N15-labelled urea in animal models after AAV-mediated gene
therapy16,17 or C13-labelled acetate in humans for accurately
stratifying the disease severity in ornithine transcarbamylase
deﬁciency.18 Furthermore, the use of clinically relevant end points
would not only provide better assessment of the effect of therapy,
but may be viewed more favourably by regulatory bodies.
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Abstract
Objectives This UK-wide study defines the natural history of
argininosuccinic aciduria and compares long-term neurological outcomes in patients presenting clinically or treated prospectively from birth with ammonia-lowering drugs.
Methods Retrospective analysis of medical records prior to
March 2013, then prospective analysis until December 2015.
Blinded review of brain MRIs. ASL genotyping.

Results Fifty-six patients were defined as early-onset (n = 23) if
symptomatic < 28 days of age, late-onset (n = 23) if symptomatic
later, or selectively screened perinatally due to a familial proband
(n = 10). The median follow-up was 12.4 years (range 0–53).
Long-term outcomes in all groups showed a similar neurological
phenotype including developmental delay (48/52), epilepsy (24/
52), ataxia (9/52), myopathy-like symptoms (6/52) and abnormal
neuroimaging (12/21). Neuroimaging findings included
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parenchymal infarcts (4/21), focal white matter hyperintensity
(4/21), cortical or cerebral atrophy (4/21), nodular heterotopia
(2/21) and reduced creatine levels in white matter (4/4). 4/21 adult
patients went to mainstream school without the need of additional
educational support and 1/21 lives independently. Early-onset patients had more severe involvement of visceral organs including
liver, kidney and gut. All early-onset and half of late-onset patients
presented with hyperammonaemia. Screened patients had normal
ammonia at birth and received treatment preventing severe
hyperammonaemia. ASL was sequenced (n = 19) and 20 mutations were found. Plasma argininosuccinate was higher in earlyonset compared to late-onset patients.
Conclusions Our study further defines the natural history of
argininosuccinic aciduria and genotype–phenotype correlations. The neurological phenotype does not correlate with the
severity of hyperammonaemia and plasma argininosuccinic acid levels. The disturbance in nitric oxide synthesis may be a
contributor to the neurological disease. Clinical trials providing
nitric oxide to the brain merit consideration.
Abbreviations
ALT Alanine aminotransferase
ASA Argininosuccinic aciduria

Peter H. Robinson
peter.robinson3@nhs.net
Lesley MacPherson
Lesley.macpherson@bch.nhs.uk
Katharine Foster
Katharine.foster@bch.nhs.uk

ASL
CSF
NO
NOS
UCD

Argininosuccinate lyase
Cerebro spinal fluid
Nitric oxide
Nitric oxide synthase
Urea cycle defects

Introduction
In the central nervous system, nitric oxide (NO) is involved in
crucial processes including neurotransmission (Garthwaite
2008), neuronal differentiation (Peunova and Enikolopov
1995) and migration (Nott et al. 2013). Argininosuccinate
lyase (ASL) cleaves argininosuccinate into arginine and fumarate as part of the NO-citrulline cycle that regulates NO production in multiple tissues (e-Figure 1) (Nagamani et al.
2012a). ASL deficiency causes argininosuccinic aciduria
(ASA; OMIM 207900), the only inherited condition proven
to cause systemic NO deficiency (Erez et al. 2011). ASL is
also required for the liver-based urea cycle, which detoxifies
ammonia produced by amino acid catabolism. ASA is the
second most common urea cycle defect (UCD) with an incidence of 1:70,000 live-births (Nagamani et al. 2012a) and
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presents clinically either as an early neonatal-onset (<28 days
of age) hyperammonaemic coma, or a later-onset
hyperammonaemic crisis (Nagamani et al. 2012a). A chronic
phenotype with neurocognitive, gastrointestinal and liver
symptoms without severe hyperammonaemia is also
recognised (Nagamani et al. 2012a). Conventional treatment
aims to decrease ammonia by use of a protein-restricted diet
and ammonia scavenger drugs (sodium benzoate and
phenylbutyrate) and to correct arginine deficiency by Larginine supplementation (Haberle et al. 2012).
The phenotype in ASA differs from other UCD by the
higher incidence of neurocognitive symptoms, liver fibrosis, renal impairment and systemic hypertension (Nagamani
et al. 2012a; Kolker et al. 2015). These symptoms are observed in patients with early- or late-onset forms and in those
without documented episodes of hyperammonaemia (Marble
et al. 2008). Among UCD, ASA patients have the lowest
frequency of hyperammonaemic crises (23%) but the second
highest frequency of cognitive impairment (65–74%) after
arginase deficiency (Ruegger et al. 2014; Waisbren et al.
2016). This paradox raises questions about the role of
hyperammonaemia in causing the neurological problems.
Newborns screened and treated prospectively from birth
have been reported to have a better neurological outcome
(Widhalm et al. 1992; Ficicioglu et al. 2009; MercimekMahmutoglu et al. 2010). As conventional treatment decreases ammonia levels, it was suggested that neurological
complications were caused by unrecognised
hyperammonaemic episodes (Widhalm et al. 1992).
However, newborn screening programmes can capture a
wide phenotypic spectrum, including patients who would
remain asymptomatic without treatment. Some of these
screened patients had high residual ASL activity
(Ficicioglu et al. 2009), suggesting that the prospectively
treated cohort might have had an increased number of mild
cases, introducing a bias into the comparison.
We describe a United Kingom (UK) wide cohort of
ASA patients expanding the disease natural history,
reporting long-term neurological outcomes with a focus
on neuroimaging and genotype–phenotype correlations.
The outcomes in patients treated prospectively (10/56)
were compared with those who presented with symptoms
before diagnosis (46/56).

Material and methods
Patients
Anonymised data were collected prospectively from
March 2013 and retrospectively before, from five tertiary
metabolic centres in the UK: Birmingham Children’s
Hospital, Birmingham; Guy’s and St Thomas’ Hospital,

London; Great Ormond Street Hospital for Children,
London; the National Hospital for Neurology and
Neurosurgery, London; the Royal Manchester Children
Hospital, Manchester. Molecular analysis of patients was
approved by the National Research Ethics Service
Committee London-Bloomsbury (13/LO/0168). Patients included had plasma argininosuccinic acid levels > 5 μmol/L,
and/or pathogenic mutations in ASL. Patients were considered
lost to follow-up if no clinical assessment was performed during the last 3 years at the relevant metabolic centre. The database was closed on 31st December 2015.
Neurological outcome was assessed with physical neurological examination regarding developmental impairment, epilepsy, ataxia, myopathy-like symptoms and brain MRI features and was performed as follows: if neuropsychological
assessment was unavailable, cognitive impairment was determined by clinical judgement of the metabolic specialist or
neuropaediatrician or by the need for additional support in
school or subsequently at the workplace. Epilepsy was defined as the occurrence of two or more seizures without accompanying hyperammonaemia. MR spectroscopy was performed as described previously (Davison et al. 2011).
Indication for neuroimaging was an unexplained and/or severe neurological disease. Brain MRIs were analysed by
two neuroradiologists blinded to the report of each other.
Magnetic resonance spectroscopy (MRS) studies were
performed concurrently with clinically indicated MRI
scans at 1.5 T. Comparison was made with MRS metabolite data from a standard cohort of children with normal
appearing MRI as described previously. Liver involvement was considered using the following parameters: hepatomegaly, increased levels of transaminases (alanine aminotransferase ALT > 50 IU/L). Nephromegaly was defined as
renal length on ultrasound imaging above the 95th centile
for the age and sex. Biochemical data were assessed using
the mean of at least the last ten results available during compensated metabolic state. Plasma ammonia levels were considered elevated if >100 μmol/L before 28 days of life or
>45 μmol/L subsequently. Hypokalaemia was defined as a
plasma potassium level lower than 3.5 mmol/L and judged
as Btransient^ if observed in a single sample, or Bpersistent^
if measured in ≥ 2 samples separated by ≥ 1 month. Plasma
arginine and argininosuccinic acid reflect the last ten measurements performed during follow-up in a compensated metabolic state on the patient’s standard treatment. For analysis, patients were divided into three groups: (i) early-onset form
(hyperammonaemic symptoms started on/before 28 days of
life), (ii) late-onset form (presentation after 28 days of life),
(iii) perinatally screened patients diagnosed after a family proband and treated prospectively from birth. For the last group,
the status (early- or late-onset) of the familial proband was
investigated but missing data prevented inclusion of these
index cases into the study.
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ASL sequencing
The 16 coding exons of ASL (NM_001024943.1; Ensembl
ENST00000395332) and the intron-exon boundaries were
PCR-amplified. Sequencing performed with the Big Dye
Terminator Cycle Sequencing System version 1.1 (Applied
Biosystems/ThermoFisher Scientific) was run on an ABI
PRISM 3730 DNA Analyzer (Applied Biosystems/
ThermoFisher Scientific) (e-Methods).
Statistical analysis
Statistical analyses used Fisher’s exact test for investigating
the association between categorical data and the patient
groups (www.vassarstats.net). Continuous variables between
groups were compared using the Student’s t test or one-way
ANOVA with Bonferroni correction for pairwise comparison
(p values detailed in e-Table 1) (GraphPad Prism 5.0, San
Diego, CA, USA). p values ≤ 0.05 were considered statistically significant. Kaplan-Meier survival curves were compared
with the log-rank test. Patients 10, 18 and 52, who died during
the first month of life, and patient 53, for whom very limited
clinical information was available, were excluded from longterm analysis. For patients lost during follow-up (n = 6), the
assessments at their last follow-up visits were used for
analysis.

Results
Patients
Fifty-six patients were classified as early-onset (n = 23/56),
late-onset (n = 23/56) or screened patients (n = 10/56).
Ethnic origins were White British (n = 24; 44%), Pakistani
(n = 16; 29%), Chinese (n = 6; 11%), Indian (n = 5; 9%),
Bangladeshi (n = 3; 5%), other White European (n = 1; 2%)
and missing data (n = 1; 2%) (e-Table 3). Screened patients,
diagnosed either antenatally or neonatally, had an affected
familial proband with early-onset (n = 5), late-onset (n = 3)
or unknown (n = 2) phenotype (e-Table 3). One pair of siblings with early-onset form (patients 15 and 16) was included
in the study. Mean follow-up was not significantly different
between the early-onset (EO) or late-onset (LO) groups compared to the screened group (SCR) (p = 0.19 and p = 0.19
respectively) (Table 1).
Neurological phenotype
The frequency and median age of onset of the neurological
features were not significantly different between the groups
(e-Table 1).

Developmental impairment was reported in 48/52 patients
(92%) and was the most common symptom. The median age
at diagnosis was 2 years (range 0.1–6 years) (Table 1) and
when observed, developmental impairment was present before the age of 6 years in all but two patients. Only four
patients were reported with normal neurocognitive function:
three early-onset patients aged <6 months (patient 22),
23 months (patient 15) and 11 years old at last assessment
(patient 11) and one patient screened at birth (patient 47; sibling to a late-onset proband, aged 8 years old at last assessment) (e-Table 2). Developmental impairment was mild or
moderate affecting predominantly speech and learning ability.
Detailed information about schooling was available in 35 patients (e-Table 2). Only 6/35 patients (17%) attended mainstream school without the need for additional educational support (patients 9, 11, 35, 36, 47 and 48 with last assessment at
25, 11, 22, 20, 8 and 16 years old respectively). Most patients
(20/35; 57%) required speech and language therapy. The neuropsychological assessments identified behavioural difficulties with auto- or hetero-aggression (n = 3) and learning disabilities in logic and reasoning. Twenty-one adults (EO n = 3;
LO n = 17; SCR n = 1) with a median age of 22.3 years (range
18–57 years) were assessed for socioeconomic status. Five
(25%) had semi-skilled employment. Independent living was
reported in 1/12 (8%), and long-term relationships in 3/12
(25%). Patients not living independently were accommodated
in the parental (9/11; 82%) or care (2/11; 18%) homes.
Epilepsy was observed in 22/52 patients (42%) with no
significant difference of the median age of onset between
groups (Table 1). Various seizure types were reported including generalised, partial and complex, febrile and afebrile seizures. Tonic-clonic seizures were most frequent (n = 16),
followed by absence seizures (n = 5), myoclonic jerks
(n = 4), atonic seizures (n = 2) and occasionally status epilepticus (n = 1) (e-Table 2). Electroencephalogram was performed in three non-epileptic patients and showed an abnormal pattern in two patients. 17/22 patients (77%) were treated
with an average of 1.5 antiepileptic drugs (range 0–4).
Cerebellar dysfunction was detected in early-onset and
late-onset patients (n = 3 and n = 6 respectively) with the incidence of 9/52 (17%) (Table 1). Ataxia was first noticed at a
median age of 8.5 years (range 1–12) with two main age
groups at first observation, early around the age of 1 year
(n = 2) or later as teenagers (n = 7). Three patients had dyskinesia and tremor and one had nystagmus (e-Table 2). The mild
inconvenience caused did not require any specific medical or
surgical treatment.
Episodes of myopathy-like symptoms, reported in 7/52 patients (13%) (Table 1), included global hypotonia with a
hypomimic facial expression, and unexplained recurrent episodes of general weakness persisting several days before
spontaneous recovery. One patient (patient 28, currently aged
15.9 years) was reported with fatigable ptosis from 12 years
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Na phenylbutyrate supplementation

Na benzoate supplementation

L-arginine supplementation

Plasma arginine (RI 30-126
μmol/L)
Plasma argininosuccinic acid
(RI <5 μmol/L)
Protein restricted diet

Miscellaneous

Kidney appearance (ultrasound)

Liver

Neurology

Frequency
Daily protein allowance (g/kg/day)
Frequency
L-arginine (mg/kg/day)
Frequency
Na benzoate (mg/kg/day)
Frequency
Na phenylbutyrate (mg/kg/day)

16/20 (80%)
1.2 ± 0.1
20/20 (100%)
155 ± 25
2/22 (9%)
134 ± 33
2/22 (9%)
57 ± 12

234 ± 64

512 ± 92
20/20 (100%)
1.2 ± 0.14
20/20 (100%)
239 ± 28
17/19 (89%)
215 ± 18
7/19 (37%)
200 ± 50

15.1 (1–53)
4/23 (18%)
23 (16.7–57)
23/23 (100%)
2.5 (1–6)
11/23 (48%)
2 (0.7–11)
6/23 (26%)
3/23 (13%)
5/10 (50%)
3/23 (13%)
13.0
4/23 (17%)
23 (1–53)
81 ± 24
2/9 (22%)
0/3 (0%)
4/23 (17%)
3/23 (13%)
1/23 (4%)
0
/
5/23 (22%)
7.3 ± 2.2
3/20 (15%)
102 ± 12

212 ± 67

11 (1.9–25.7)
2/23 (9%)
11 (1.9–25.7)
18/21 (86%)
2 (0.1–4)
8/21 (38%)
9 (1.5–13)
3/21 (14%)
4/21 (19%)
5/9 (56%)
17/21 (81%)
2.5 (0–12)
18/21 (86%)
0.15 (0–6)
238 ± 77
8/18 (44%)
2/7 (29%)
16/23 (70%)
3/23 (13%)
13/23 (56%)
1
11
0/23 (0%)
/
10/21 (48%)
126 ± 19

861 ± 120

Ammonia (RI < 100 μmol/L
if <28 days of life; <50 μmol/L
if >28 days of life)
Mean follow-up (years)
Patients lost
Age (years)
Developmental delay
Age when first reported (years)
Epilepsy
Age when first reported (years)
Ataxia
Myopathic features
Abnormal brain MRI
Hepatomegaly
Age when first reported (years)
Raised ALT
Age when first reported (years)
ALT (RI 20–50 IU/L)
Enlargement (>95th centile)
Poor corticomedullar differentiation
Hypokalaemia: total
Persistent
Intermittent
Arterial hypertension
Age when first reported (years)
Trichorrhexis nodosa
Age when first reported (years)
Severe diarrhoea

23 (16 = 70%)
11/12
2/23 (9%)
21/23 (91%)
2.75 years (0.25–12)

Late onset

6/7 (86%)
1.4 ± 0.08
7/7 (100%)
251 ± 45
6/7 (72%)
167 ± 17
1/7 (14%)
NA

238 ± 206

15.6 (8–18.2)
2/10 (20%)
15.6 (8–18.2)
7/8 (88%)
3.1 (2–4)
3/8 (38%)
8.5 (8–9)
0/8 (0%)
0/8 (0%)
2/4 (50%)
5/8 (62%)
07.5 (0.9–11)
6/8 (75%)
7 (3–7)
181 ± 50
2/5 (40%)
1/2 (50%)
6/10 (60%)
1/10 (10%)
5/10 (50%)
0
/
0/10 (0%)
/
4/10 (40%)
134 ± 15

10 (1 = 10%)
8/2
5/8 (62%)
9/10 (90%)
2 antenatally
8 neonatally
84 ± 18

Screened

42/47 (89%)
1.2 ± 0.07
47/47 (100%)
201 ± 20
25/48 (52%)
191 ± 15
10/48 (21%)
143 ± 31

356 ± 62

17/51 (33%)
116 ± 9

12.4 (0–53)
8/56 (14%)
15.6 (1.9–57)
48/52 (92%)
2 (0.1–6)
22/52 (42%)
5.5 (0.7–13)
9/52 (17%)
7/52 (13%)
12/23 (52%)
25/51 (49%)
2.5 (0–12)
28/51 (55%)
1 (0–53)
169 ± 37
12/32 (38%)
3/12 (25%)
26/56 (46%)
7/56 (12%)
19/56 (34%)
1
11
5/56 (9%)

530 ± 85

56 (20 = 36%)
31/25
21/52 (40%)
46/56 (82%)
2 years (0–12)

Total

ALT alanine aminotransferase, NA not available, RI range interval

Age at diagnosis, currently, at first occurrence of symptom and duration of follow-up are presented as median ± range. Other figures show mean ± standard error. Hypokalaemia-total includes patients with
intermittent and persistent hypokalaemia. Follow-up is considered until December 2015. Plasma arginine and argininosuccinic acid concentrations reflect the last ten measurements performed during
follow-up when patients were in a compensated metabolic state on their standard treatment

Therapeutics

Biology

Phenotype

Follow up

At diagnosis

23 (3 = 10%)
12/11
12/23 (52%)
16/23 (73%)
4 days (2–8)

Number (adult)
Sex (M/F)
Consanguinity
Patients still living
Age

Early onset

Epidemiological and clinical data for the three analysed cohorts: early-onset, late-onset and screened patients

Epidemiology

Table 1
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old onwards. Four patients were investigated with electromyogram, which were always normal, including a Tensilon
test in one patient. One patient (patient 33 currently aged
26 years) presented with an electrophysiologically confirmed
episode of Guillain-Barré syndrome at 8 years old (e-Table 2).
MRI brain was performed as part of the clinical work-up in
21 patients with unexplained or severe neurological features.
The average age at the time of MRI was 12 years (range 0–
23). Twelve scans were reported as abnormal (52%) (Table 1).
Neuroimaging performed during follow-up showed small parenchymal infarcts (n = 4), foci of white matter hyperintensity
on T2-weighted sequences (n = 4), nodular heterotopia (n = 2),

cortical atrophy (n = 2), cerebellar atrophy (n = 2), perirolandic
gliosis (n = 1), thalamic atrophy (n = 1), hyperintensity of caudate head and posterior putamen (n = 1) or isosignal between
pallidi and putamen (n = 1) (Fig. 1A and e-Table 2).
Spectroscopy of basal ganglia (n = 8; 3 early-onset, 5 late-onset)
indicated a significant decrease of N-acetylaspartate and choline
in early-onset patients compared to controls (p = 0.001 and p =
0.008, respectively). Creatine and guanidinoacetate levels in the
basal ganglia did not differ significantly between controls, earlyor late-onset groups (Fig. 1B). Spectroscopy of the white matter
(n = 4; 3 early-onset, 1 late-onset) showed a significant decrease
in creatine levels (p = 0.003) and an increase of

Fig. 1 Neuroimaging. A: Morphological brain MRI features. A, B: T2weighted axial images showing brain matter volume loss and mild ex
vacuo dilatation of ventricles (A) and high signal in bilateral caudate
heads and posterior putamina (arrows). C: T2-weighted axial images with
severe diffuse cerebral atrophy and ventricular dilatation. D, H:
T1-weighted coronal image with right periventricular heterotopia
(arrowheads). E, F: T2-weighted axial (E) and coronal (F) images with
evidence of right inferior frontal lobe infarct (arrow). G: T2-weighted

axial image with bilateral high signal of the peritrigonal white matter
(arrow). B 1H MR spectroscopy features in basal ganglia. Assessment
in early-onset (n = 5), late-onset (n = 3) and control (n = 63) patients
analysed using a paired t test. c 1H MR spectroscopy features in white
matter. Patients affected by argininosuccinic aciduria (n = 4) and controls
(n = 53) analysed with one way ANOVA. Graphs represent mean ± 95%
confidence interval. * p < 0.05; ** p < 0.01
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Fig. 2 Natural history of argininosuccinic aciduria. A Kaplan-Meier survival curves for all (solid line), early-onset (dashed line), late-onset
(dashed dotted line) and screened (dotted line) patients. B Natural history
of the systemic phenotype of argininosuccinic aciduria. Mean ± standard
error of age of onset of each symptom from data of the whole cohort when
information available: developmental delay (n = 7), abnormal LFTs (n =
8), hepatomegaly (n = 18), epilepsy (n = 15), brittle hair (n = 4), ataxia
(n = 6), hypokalaemia (n = 2), high blood pressure (n = 1). Symptom frequency in the total population of patients studied is presented in brackets.
ALT: plasma alanine aminotransferase activity. It was assumed that patients had normal blood pressure if hypertension was not specifically
mentioned in medical records

guanidinoacetate (p = 0.01) (Fig. 1C) in patients compared to
controls.

The commonest hepatic involvement was a persistent rise
in plasma alanine transaminase activity, usually accompanied
by hepatomegaly. These were significantly more frequent in
early-onset and screened patients than in late-onset patients
(p < 0.00001 and p < 0.005, respectively; e-Table 1). In
screened patients, the likelihood of hepatic abnormalities
depended on the age of onset of the disease in the familial
proband: 4/4 of screened patients with an early-onset familial
history had hepatic abnormalities compared to 1/3 with a familial late-onset phenotype (Table 1).
There was no evidence of differences between groups for
nephromegaly and poor corticomedullary differentiation assessed
by ultrasound (Table 1). Transient or persistent hypokalaemia
occurred more frequently in early-onset versus late-onset patients (p < 0.03) (Table 1). Acute metabolic decompensation,
gastroenteritis and acute diarrhoea were significantly associated with transient hypokalaemia (p < 0.005).
Trichorrhexis nodosa was observed only in late-onset patients before diagnosis and normalised with treatment
(Table 1).
Chronic profuse diarrhoea was observed in 17 patients
(33%; including early-onset n = 10, late-onset n = 3, screened
patients n = 4; Table 1). This symptom was refractory to
symptomatic and immunosuppressive treatments and caused
nutritional difficulties in several early-onset patients. Two patients had colonoscopies performed at 5 years of age and repeated at ages 7 and 10. Intestinal biopsies showed nonspecific mild inflammation. Chronic pancreatitis was observed in one early-onset patient.
Refractory arterial hypertension was diagnosed in one
early-onset patient (patient 6) at the age of 9 years and was
sub-optimally controlled despite three antihypertensive medications. This patient died at 12 years old from acute pancreatitis. One late-onset patient developed atrial flutter at 60 years.

Ammonaemia, ASA levels and therapies
Systemic phenotype
47/56 patients (84%) were alive at the time of assessment with
no significant difference between groups, with a median followup of 12.4 years (range 0–53) (Fig. 2A). Cause and age of death
were hyperammonaemic decompensation at presentation (n = 2;
patients aged day 3 and 4 of life), sepsis (n = 3; patients aged
7 days, 11 years and 20 years), extradural hematoma (n = 1;
patient aged 2 years), hepatocellular carcinoma (n = 1; patient
aged 4.5 years), acute pancreatitis (n = 1; patient aged 12 years)
and a possible arrhythmia (n = 1; patient aged 52 years).
Natural history data included the age of onset of organ
involvement or symptoms (Fig. 2B). Among neurological
symptoms, developmental delay was the first observed usually during the second or third year of life followed by epilepsy
and ataxia.

None of the patients in the screened group suffered severe or
prolonged hyperammonaemia. Three of these patients had an
initial ammonia level >100 μmol/L (133, 134 and 190 μmol/
L), which normalised in less than 24 hours. All early-onset
patients had hyperammonaemia at diagnosis with values significantly higher than in the late-onset and screened groups
(p < 0.001; e-Table 1). Only 50% of the late-onset patients
were hyperammonaemic at diagnosis.
A protein-restricted diet was used in 89% of patients (100%
of the early-onset group and 80% of the late-onset group;
Table 1). All patients were treated with L-arginine with no
significant difference in the dose between groups (Table 1).
Ammonia scavenger drugs (sodium benzoate and
phenylbutyrate) were prescribed significantly more often in
the early-onset and screened groups than in the late-onset group
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Presumed effect on protein
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Severity in this study

New genotype

Prenatal diagnosis (n = 3, Keskinen
et al. 2008; Balmer et al. 2014),
early onset (n = 4, this study,
Kleijer et al. 2002; Keskinen
et al. 2008), late onset (n = 7,
Kleijer et al. 2002; Keskinen
et al. 2008), unknown (n = 3,
Balmer et al. 2014)

New genotype

New genotype
Unknown (n = 1) (Balmer et al. 2014)

New genotype
New genotype
New genotype
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New genotype

Unknown (n = 1) (Balmer et al. 2014)

Reported severity in the literature

a

Patients 15 and 16 are siblings

New genotype refers to combination of mutations not described before. Presumed protein effect is mentioned within brackets for novel mutations. For screened patients, the severity of the phenotype is
deducted from the symptomatic familial proband
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(p < 0.001 and p < 0.01 respectively) and at higher doses in the
early-onset group (p = 0.03) (e-Table 1).
Plasma argininosuccinate levels were higher in early-onset
(512 ± 92 μmol/L) compared to late-onset (234 ± 64 μmol/L)
(p = 0.03) (e-Table 1).
Genotype–phenotype correlation
The genotype was available for 19 patients (Table 2). Twenty
mutations (including eight novel) were identified: 11 were
missense, five splice site, two nonsense mutations and two
deletions. A sequence alignment of ASL showed that all missense mutations affect amino acid residues that are highly
conserved across species. The deletions included a 13 base
pair deletion (c.1045_1057del, p.(Val349Cysfs*72)) and one
large deletion of approximately 2 kb which included exons 15
and 16 (c.1143+117_*1353del). Homozygous mutations observed with early onset disease included c.437G>A
p.(Arg146Gln), c.749T>A p.(Met250Lys), c.1045_1057del
p.(Val349Cysfs*3), c.1143+117_*1353del and c.1153C>T
p.(Arg385Cys). Homozygous mutations observed with lateonset disease included c.35G>A p.(Arg12Gln), c.377G>A
p.(Arg126Gln) and c.1138A>G p.(Lys380Glu). The
c.1045_1057del deletion is predicted to cause a frameshift
and introduction of a premature stop codon and the c.1143+
117_*1353del deletion is predicted to cause the loss of exons
15 and 16, and both were associated with early-onset phenotype. Patients homozygous for c.1143+117_*1353del were
younger brothers of a proband who was not genotyped but
presented with the early onset phenotype (Table 2).

The early-onset group had higher ammonia levels compared
to the late-onset group, as evidenced by differences in the ammonia levels at diagnosis, and need for ammonia scavenger
medications and protein restriction. The screened patients also
needed more treatment to control their ammonia levels than
patients in the late-onset group because most of them (5/8)
had siblings with early-onset disease. Plasma ASA levels were
higher in early-onset compared to late-onset and screened patients. However, these differences did not affect the neurological
phenotype. These observations show that hyperammonaemia
and ASA levels are not the dominant factors causing the longterm neurological phenotype in ASA. Previous publications
have suggested that neonatal screening and early treatment
may prevent or ameliorate the neurological disease (Widhalm
et al. 1992; Ficicioglu et al. 2009). However, an extended
Austrian cohort of neonatally screened patients, initially reported with normal neurocognitive outcome at a mean age of 6 years
(Widhalm et al. 1992), showed that 35% of patients (6/17; median age 13 years) had an IQ of less than 80 (MercimekMahmutoglu et al. 2010). As the neurological disease is progressive, duration of the follow-up is essential to determine the
outcome objectively. At the end of the first year, the frequency
of developmental impairment is similar to other UCD (64%)
attributable to sequelae of neonatal hyperammonaemia in earlyonset patients (Burgard et al. 2016). This frequency increases to
65–100% with time (this study; Keskinen et al. 2008; Tuchman
et al. 2008; Ah Mew et al. 2013; Ruegger et al. 2014).
Aggressive behaviour and psychiatric problems such as
psychosis and paranoid ideation were previously reported in
ASA (von Wendt et al. 1982; Odent et al. 1989; Lagas and
Ruokonen 1991; Sijens et al. 2006), although these features
were not observed in this cohort.

Discussion
Systemic phenotype
This study describes three groups of ASA patients (early-onset, late-onset and perinatally screened after a familial proband) with prolonged follow-up periods and compares the
long-term outcome with regard to the time at initiation of
treatment. In contrast to previously reported patients diagnosed by newborn screening, this study describes screened
patients, who had a familial index case with a known
phenotype.
Neurological outcome
The most common complications of ASA were neurological. Comparison between groups demonstrates a homogeneous long-term neurological outcome, with no significant
difference in frequency, severity and age of onset for all
neurological features assessed. Previously unreported neuroimaging findings such as focal infarcts or heterotopia
might be related to impaired NO-dependent neuronal migration or microcirculation.

Our study found a wide range of systemic complications.
All of them were more frequent in the early-onset group,
apart from trichorrhexis nodosa, although blood pressure
was not systematically investigated. Chronic diarrhoea,
not reported previously, was a major problem in many
patients with endoscopy showing mild inflammation.
This has been observed in an enterocyte-specific conditional knockout mouse model, in which a loss of ASL was
associated with necrotizing enterocolitis (Premkumar
et al. 2014). A similar pattern of systemic complications
was found in the screened group, suggesting that prospective treatment has no preventative effect.
Genotype–phenotype correlation
Mutation analysis of our cohort identified genotype/
phenotype correlation for some of the mutations in agreement
with the literature.
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The frequently occurring mutation c.35G>A p.(Arg12Gln)
was associated with the late-onset phenotype in one patient as
previously suggested for homozygous and compound heterozygous patients (Sampaleanu et al. 2002; MercimekMahmutoglu et al. 2010; Balmer et al. 2014). It has been
reported that the arginine 12 residue on the N-terminal loop
close to the catalytic site of ASL might influence the binding/
exit of the substrate without affecting the catalytic site
explaining the milder phenotype (Sampaleanu et al. 2002).
The novel homozygous mutation c.749T>A p.(Met250Lys)
was observed in two unrelated patients with early-onset phenotype. This mutation involves changes in the protein sequence
close to two other amino acid modifications also associated
with early-onset phenotype p.(Glu241Lys) and p.(Trp245fs)
(Balmer et al. 2014).
The homozygous mutation c.1153C>T p.(Arg385Cys)
has been associated previously with both early-onset (n =
4) (Kleijer et al. 2002; Keskinen et al. 2008) or late-onset
phenotypes (n = 7) (Kleijer et al. 2002; Keskinen et al.
2008). However, all patients with late-onset phenotype were
diagnosed before 20 months of life. p.(Arg385Cys) has been
reported as a founder mutation in the Finnish population
(Keskinen et al. 2008) and is associated with very low ASL
activity affecting an amino acid near the catalytic site (Hu
et al. 2015).
Pathophysiology of ASA
Various pathophysiological mechanisms have been proposed to account for the long-term complications of
ASA. Argininosuccinic acid may be toxic to the brain,
either directly or via the formation of guanidino compounds. Raised guanidinoacetate was reported on brain spectroscopy of ASA patients in the grey (3.63 ± 0.6 mmol/L) and
the white matter (3.52 ± 0.09 mmol/L) (Sijens et al. 2006; van
Spronsen et al. 2006) and may be explained by L-arginine
supplementation (Sijens et al. 2006). In our study, levels of
guanidinoacetate were similar to controls in basal ganglia but
slightly elevated in white matter (1.05 ± 0.41 mmol/L).
Patients with guanidinoacetate methyltransferase (GAMT) deficiency have much higher guanidinoacetate concentrations in
brain (3.4-3.6 mmol/L) (Stockler et al. 1994) and CSF (11–
12 μmol/L) (Stockler-Ipsiroglu et al. 2014). There is also
some evidence of raised guanidinoacetate in patients with
hyperargininaemia due to Arginase deficiency, with variable
CSF guanidinoacetate concentrations (up to 0.127 μmol/L
versus controls 0.049 μmol/L) (Deignan et al. 2010), although
the spectral peak of guanidinoacetate at 3.8 ppm was not seen
in a cohort of adult patients with hyperargininaemia (Carvalho
et al. 2014), while in a 3 year old patient a prominent peak at
3.8 ppm was ascribed to arginine, which in vitro has resonances
at 3.75 and 3.23 ppm (Wishart et al. 2007) and may have
masked any detectable guanidinoacetate. Guanidinosuccinic

acid can be neurotoxic (D’Hooge et al. 1992) and activates Nmethyl-D-aspartate receptors (Aoyagi et al. 2001). However,
this hypothesis is not supported by the observation of the
early-onset group, which has higher levels of argininosuccinic
acid but neurological outcomes similar to the other groups.
In humans, ASL is crucial for the synthesis of L-arginine,
which becomes an essential amino acid in ASA. Arginine
deprivation, associated with altered NO-mediated immune responses, can lead to site-specific neuronal loss in animal
models of neurodegenerative diseases (Kan et al. 2015).
Arginine is a precursor for the synthesis of creatine and
agmatine (e-Figure 1). Brain spectroscopy showed creatine
deficiency (this study; Sijens et al. 2006; van Spronsen et al.
2006; Boenzi et al. 2012). However, the role of secondary
creatine deficiency in cerebral dysfunction has not been convincingly demonstrated (Boenzi et al. 2012). Agmatine is involved in learning (Leitch et al. 2011), neuroprotection
(Molderings and Haenisch 2012) and anticonvulsant effect
(Demehri et al. 2003). Thus, secondary agmatine deficiency
could explain some of the neurological symptoms.
Finally, several symptoms may be caused by impaired
NO synthesis. Using an AslNeo/Neo mouse model, Erez et al.
(2011) showed that defective ASL is responsible for the
loss of the catalytic function of the enzyme and affects
the structure of a multi-protein complex incorporating
NOS. This disrupts the NOS-dependent NO synthesis and
leads to systemic NO deficiency. Hypoargininaemia can lead
to uncoupling of NOS, decreased NO production and increased generation of free radicals that damage tissues (eFigure 1) (Nagamani et al. 2012b). Reactive oxygen species
interfere with NO production and regulation of the microcirculation (Shu et al. 2015). In addition decreased NO levels
might affect protein S-nitrosylation (Jaffrey et al. 2001),
which in turn regulates histone methylation and gene expression (Nott and Riccio 2009). In the brain, NO plays a key-role
as a signalling molecule (Riccio 2010) involved in neurotransmission (Garthwaite 2008), regulation of neuronal differentiation (Peunova and Enikolopov 1995; Lameu et al. 2012) and
migration (Bredt and Snyder 1994; Nott et al. 2013). In human, NO therapy was reported to have mild neurocognitive
benefit (Nagamani et al. 2012b). In this study, NO deficiency
might account for the neuropathology underlying the neuroimaging findings such as local parenchymal infarcts or nodular heterotopia due to impaired microcirculation and abnormal
neuronal migration during development respectively. Besides
neurological implications, NO is involved in various physiological processes such as vasodilatation (Cosby et al. 2003),
liver fibrosis (Diesen and Kuo 2011), muscle strength and
performance (De Palma et al. 2014), kidney filtration rate
(Satriano et al. 2008) and gut physiology (Vallance and
Charles 1998; Premkumar et al. 2014; Bogdan 2015).
Therefore, NO deficiency might be involved at least partially
in various symptoms highlighted in this study including
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chronic hepatitis, myopathy-like phenotype, chronic diarrhoea
and systemic hypertension.
Optimising therapeutics in ASA
This study demonstrates persisting neurological and systemic
disease not obviously related to hyperammonaemia in ASA
patients on conventional treatment. Although some organs
(liver, kidney, gut) are more frequently affected in earlyonset patients, who have higher ammonia and ASA levels,
this is strikingly not the case for the brain. Our observation
of parenchymal infarcts, nodular heterotopia and the report of
mild neurological improvement after NO therapy (Nagamani
et al. 2012b) support the role of NO deficiency in the pathophysiology of the brain disease in ASA. Currently correction
of NO deficiency is not considered in the conventional treatment of ASA. Liver transplantation (Marble et al. 2008;
Newnham et al. 2008) cures the urea cycle but would not be
expected to correct the systemic NO-arginine cycle defect.
Similarly, successful liver-targeted gene therapy in AslNeo/Neo
mouse did not correct extra-hepatic features such as defective
NO-mediated vascular relaxation (Nagamani et al. 2012b).
Future therapeutic approaches in ASA might consider
targeting the NO deficiency, which could include the use of
an enriched nitrate diet, nitrate therapy (Nagamani et al.
2012b; Erez 2013) or multiorgan-targeted gene replacement.
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