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ABSTRACT The development of gene-replacement ther-
apy for inborn errors of metabolism has been hindered by the
limited number of suitable large-animal models of these
diseases and by inadequate methods of assessing the efficacy
of treatment. Such methods should provide sensitive detection
of expression in vivo and should be unaffected by concurrent
pharmacologic and dietary regimens. We present the results
of studies in a neonatal bovine model of citrullinemia, an
inborn error of urea-cycle metabolism characterized by defi-
ciency of argininosuccinate synthetase and consequent life-
threatening hyperammonemia. Measurements of the flux of
nitrogen from orally administered 'SNH, to ['N]urea were
used to determine urea-cycle activity in vivo. In control
animals, these isotopic measurements proved to be unaffected
by pharmacologic treatments. Systemic administration of a
first-generation El-deleted adenoviral vector expressing hu-
man argininosuccinate synthetase resulted in transduction of
hepatocytes and partial correction of the enzyme defect. The
isotopic method showed significant restoration of urea syn-
thesis. Moreover, the calves showed clinical improvement and
normalization of plasma glutamine levels after treatment. The
results show the clinical efficacy of treating a large-animal
model of an inborn error of hepatocyte metabolism in con-
junction with a method for sensitively measuring correction in
vivo. These studies will be applicable to human trials of the
treatment of this disorder and other related urea-cycle dis-
orders.

Urea-cycle disorders are a primary cause of hyperammonemia
in the pediatric population and are associated with very high
neurologic morbidity and mortality (1). Moreover, they are
representative of a large group of intrinsic inborn errors of
hepatocyte metabolism. Current therapy consists of dietary
protein restriction, the stimulation of alternative routes of
nitrogen disposal with sodium phenylacetate and benzoate or
with sodium phenylbutyrate, as well as arginine or citrulline
supplementation to prevent arginine deficiency (2, 3). How-
ever, despite aggressive pharmacotherapy, patients are at risk
for repeated episodes of hyperammonemia during catabolic
crises, which are often precipitated by intercurrent illnesses.
Lifetime morbidity and mortality is directly correlated with the
duration and frequency of these episodes (4).
Gene-replacement therapy is a potential alternative to com-
plement and ultimately replace pharmacotherapy of specific
inborn errors of metabolism. The technique has promise as a
chronic maintenance therapy and/or as an approach to met-
abolic rescue during acute crises. Because of the availability of
high-titer preparations, their efficiency of transduction, and
their relative specificity for the liver after intravascular deliv-
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ery, adenoviral vectors are well suited for gene delivery in
inborn errors that affect hepatic metabolism (5, 6). Several
such conditions include ornithine transcarbamylase deficiency
(7), factor IX deficiency (8, 9), phenylketonuria (10), and
familial hypercholesterolemia (11, 12). However, clinical effi-
cacy has yet to be achieved in humans.

Obstacles to the successful clinical application of adenoviral
gene therapy include toxicity and the limited duration of
expression, caused, in part, by the host immune response to
viral proteins (13-16) and transgene expression (17-20). How-
ever, there is increasing evidence that both these problems may
be circumvented by modification of the viral genome (21, 22),
including complete deletion of all coding sequences in helper-
dependent adenoviral vectors (23, 24). These vectors may lead
to increased therapeutic index and prolonged transgene ex-
pression. Another obstacle to the institution of gene therapy
for inborn errors of metabolism is the difficulty of measuring
the efficacy and clinical benefit of treatment. This problem is
particularly difficult to overcome, because conclusions about
toxicity and efficacy based on measurements in small-animal
models often do not translate to large-animal systems, includ-
ing those of humans. The phenotypic expression of some
transgenic mouse models for human diseases do not always
compare with the human conditions. These issues, combined
with the complications caused by necessary concurrent phar-
macotherapy, make the interpretation of efficacy difficult in
clinical trials.

We have addressed these obstacles by studying the efficacy
of gene replacement in bovine citrullinemia (25). This large-
animal model is very similar to the human urea-cycle disorder;
citrullinemia manifests soon after birth and is characterized by
poor feeding and altered behavior secondary to hyperam-
monemia. Affected animals are homozygous for a nonsense
mutation in the bovine argininosuccinate synthetase (ASS)
gene (26). They have plasma amino acid profiles similar to
those seen in neonatal manifestation of the condition in
humans, especially elevated concentrations of glutamine and
citrulline. Without pharmacotherapy, the calves die in the first
few days of life, having experienced a continuous neurologic
decline after initial feeding. With sodium benzoate treatment
(which directs nitrogen to hippuric acid) and arginine treat-
ment (which provides substrate for ornithine and citrulline
synthesis and also prevents arginine deficiency), the life span
may be prolonged; however there is little improvement in the
plasma amino acid profile, and the animals are still subject to
frequent episodes of metabolic decompensation, as in the
human condition. Because of their size (approximately 35 kg
at birth) and the ease of tissue sampling, the calves are an
excellent model for physiologic studies of the efficacy of
therapies in citrullinemia (27).

Abbreviations: ASS, argininosuccinate synthetase; AST, aspartate
aminotransferase; CMV, cytomegalovirus.
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In attempting to evaluate phenotypic severity more accu-
rately, we hypothesized that the measurement of the conver-
sion of a ['’N]-labeled urea-cycle precursor into urea would be
an accurate measure of the rate of urea synthesis in vivo and
would correlate with residual enzyme activity at the rate-
limiting step in the pathway and with clinical severity; we also
hypothesized that concurrent therapy would not affect the
accuracy of this measurement. The usefulness of oral PNH,Cl
as an N precursor for urea synthesis has been shown in a
murine model of ornithine transcarbamylase deficiency (28),
and we have used [amide-""N]glutamine in continuous infu-
sions in patients with urea-cycle disorder and control subjects
to correlate phenotypic severity with urea synthetic rates (B.L.,
H.Y., F. Jahoor, W.O., A.L.B., and P.R., unpublished work).
To explore the applicability and utility of bovine citrullinemia
in gene-therapy studies, we determined the efficiency of
hepatocyte transduction by adenoviral vectors after i.v. deliv-
ery and the effect of pharmacotherapy on nitrogen kinetics in
unaffected age-matched calves. We also examined the clinical
and metabolic efficacy of adenoviral mediated transduction of
human ASS after i.v. delivery into neonatal citrullinemic
calves.

MATERIALS AND METHODS

Citrullinemia Calves. Calves were maintained in Australia.
Embryos were recovered from heterozygous cows and trans-
ferred to recipients 7 days after insemination by a heterozygous
bull. Calves weighing between 30 kg and 35 kg were born after
a normal gestation and allowed to suck colostrum from their
mothers. The calves were genotyped for the R86X mutation
(26), and two homozygous wild-type (S6 and S7) and two
homozygous mutant animals (S2 and S3) were isolated from
their mothers and fed between 6 and 9 liters of milk per day.
From 24 h after birth, the calves received daily oral supple-
ments of 20 g of arginine and 20 g of sodium benzoate. Blood
was collected daily for determination of plasma amino acids,
ammonia, total bilirubin, and alanine aminotransferase, as-
partate aminotransferase (AST), and alkaline phosphatase.
The clinical condition of the calves was assessed every 6 h. The
injection of the virus and blood sampling were accomplished
via external jugular vein catheterization.

Adenoviral Vector Preparation and Administration.
AdAE1CAGASS was prepared by cotransfection of the plas-
mid pPBHGE3 and pAE1CAGASS into 293 cells (a gift from F.
Graham, McMaster University, Hamilton, Canada) by calcium
phosphate coprecipitation by using a standard protocol (29).
The 293 cells provide the Ela transcriptional factor in trans to
initiate replication of the Ela-deficient adenovirus vector.
PAE1CAGASS contains the cytomegalovirus (CMV) enhanc-
er/chicken B-actin promoter (30), human ASS ¢cDNA (31), and
rabbit B-globin poly-adenylation signal. Cytopathic effect was
observed after 2 weeks, and the supernatant virus was purified
twice on plaques on 293 cells. The virus was amplified and
purified by CsCl centrifugation. Vector concentration was
determined by both DNA content via OD at 260 nm and by
plaque assay on 293 cells. Activity of the viral preparation was
confirmed by infection of cultured ASS deficient XC fibro-
blasts at a multiplicity of infection of 100:1, followed by
measurement of ['*C]citrulline incorporation into arginine at
24 h after infection. After harvest, ASS enzymatic activity was
also determined (32). AAAE1CMV Bgal has been described as
a first-generation adenoviral vector deleted for E7 and wild-
type for E3 expressing the B-galactosidase gene from a CMV
promoter (19). All procedures for preparation of vectors were
carried out in the Baylor College of Medicine Gene Vector
Laboratory by using Good Laboratory Practice/Good Man-
ufacturing Practice. Viral vectors were analyzed for sterility,
endotoxin content, and mycoplasma. AAAEICMVBgal (1 X
10" particles per kg) and AJAE1ICAGASS (1 X 10'3 particles
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per kg) were diluted with PBS and then administered via i.v.
injection into a control calf (S5) and two citrullinemic calves
(S2 and S3), respectively. Before i.v. administration, calves
were medicated with diphenhydramine and hydrocortisone to
prevent acute non-IgE-mediated anaphylaxis, which we had
observed in earlier experiments.

Nitrogen-Flux Stable-Isotope Protocol. Isotope studies on
citrullinemic and control calves were performed over 2-day
intervals (Fig. 14). Calves were fed milk every 6 h. Feedings
were supplemented with 400 mg of NH4Cl (Cambridge
Isotope Laboratories, Cambridge, MA) after the “zero-hour”
time point. Before feeding, blood was obtained by venipunc-
ture for analysis of plasma amino acids and ammonia. In
addition, 4 ml of whole blood treated with the anticoagulant
EDTA was snap-frozen and stored at —70°C (Fig. 14) for
measurement of [*N]glutamine and ["N]urea. Citrullinemic
calves were studied before vector treatment and then over days
2 and 3, days 6 and 7, and days 17 and 18 after treatment. One
of the calves (S3) had gastroenteritis on days 6 and 7 after
treatment, and that particular isotope study was not per-
formed. Calf S3 was treated with both sodium benzoate and
arginine until day 4 after vector administration, at which time
the sodium benzoate was withdrawn. Treatment with sodium
benzoate was discontinued for calf S2 7 days after vector
administration. Because there is evidence that even liver
transplantation does not correct the arginine requirement in
citrullinemic patients (33), both calves were continued on
arginine supplementation for the duration of the study.

Flux studies were first performed in control milk-fed calves
S6 and S7 without medication. Both sodium benzoate and
arginine were then added to the diets (at day 0), and the flux
studies were repeated over days 2 and 3 after initiation of

A |
=" Two Day -Isotope e
Study el
Oh 12h
’i T i
(N N |
Measure
NH, Feed
amino acids] "NHCI
['’NjUrea
[SN]GIn
B Arginine
[ Benzoate(S3)
B te (S2)
SZ’S3 -2 0 2 4 6 8 10 12 14 16 18 20 g
L3 L - i
Benzoate
Arginine
S6,S7 >

2 -1 ¢ 1 2 3 4 5 6 7 8

F1G. 1. Schematics of stable-isotope studies. (4) This 2-day stable-
isotope study (represented by ovals in B) consists of NH4Cl feedings
every 6 h, preceded by blood sampling. Metabolic parameters were
measured every 6 h and are listed under the time line. (B) Time line
(in days) of citrullinemic-calf studies (S2 and S3) and control-calf
studies (S6 and S7). The durations of arginine and/or sodium benzoate
treatments are shown above the time lines. Ovals represent 2-day
stable-isotope studies. For citrullinemic calves (S2 and S3), the days
are listed relative to the day of virus infusion (day 0). For control calves
(S6 and S7), the days are listed relative to the start of pharmacotherapy
with benzoate and arginine (day 0).
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pharmacotherapy. Although treatment with arginine was con-
tinued throughout the study, treatment with sodium benzoate
was discontinued on day 4, and, finally, both calves were
studied a third time on arginine supplementation alone over
days 6 and 7 (Fig. 1B).

Metabolite, Biochemical, and Histological Analyses. Plasma
samples taken during the intermittent oral administration of
ISNH4Cl were mixed with an equal volume of water and
centrifuged through a 10-kDa cutoff filter at 16,000 X g for 4 h.
The sample then was separated into two aliquots. The n-
propyl-ester heptafluorobutyramide derivative of glutamine
was prepared according to a published method (34). Urea was
analyzed as the 2-pyrimidinol ferz-butylmethylsilyl derivative.
Briefly, dried ultrafiltrate was mixed with 550 ul of malonal-
dehyde bis-methyl acetal and incubated at room temperature
for 2 h. After drying in a nitrogen stream, the residue was
mixed with 300 ul of zert-butyldimethylsilane and incubated for
24 h at room temperature. Mass spectrometry for both deriv-
atives was performed on a Hewlett Packard 9890A quadrupole
gas chromatograph/mass spectrometer. The urea derivative
was analyzed by electron-impact ionization, and the glutamine
derivative was analyzed by methane-negative chemical ioniza-
tion. We monitored ions with a mass-to-charge ratio of 153 and
154 for urea and 346 and 347 for glutamine. The results were
expressed as tracer/tracee ratios (mol of M + 1:100 mol of M
+ 0) after correction for baseline enrichment of the M + 1
isotopomer.

Histologic analyses were performed on 10% formalin-fixed,
paraffin-embedded tissues stained with hematoxylin and eosin.
Tissues analyzed include brain (cerebral cortex), muscle, heart,
lungs, liver, spleen, kidney, small and large intestine, and
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gonad. Tissues were also processed by cryofixation and stained
with 5-bromo-4-chloro-3-indolyl B-D-galactoside for B-galac-
tosidase activity. Efficacy of transduction was estimated by
counting the number of positively staining cells per total cells
per high-power field (at X400 magnification). Serum chemis-
tries were analyzed in the Baylor College of Medicine Clinical
Pathology Laboratory of the Center for Comparative Medi-
cine. Plasma amino acid analyses were performed by using
standard methods on a Beckman-Spinco 6300 amino acid
analyzer.

RESULTS

In Vivo Transduction of Bovine Hepatocytes. The efficiency
of hepatocyte transduction and toxicity was determined after
L.v. delivery of a first-generation adenoviral vector expressing
B-galactosidase (AdEIACMVBGal). AAEIACMVBGal (1 X
1083 particles per kg) was administered into the external
carotid vein of a 1-week-old wild-type newborn calf. The
animals were killed three days after injection, and 5-bromo-
4-chloro-3-indolyl B-D-galactoside staining of tissues identified
the expression of B-galactosidase in hepatocytes (Fig. 2).
Approximately 20% of hepatocytes were transduced. The
pattern of staining suggested greater transduction of central
venous rather than periportal hepatocytes. No other tissues
stained for B-galactosidase. No elevations in alanine amino-
transferase (16 * 2 international units/liter; n = 4), AST (48 =
19 international units/liter; n = 4), or alkaline phosphatase
(441 = 273 international units/liter; n = 4) or clinical signs of
illness were noted. Hematoxylin and eosin stain of liver and

F1G. 2. The efficiency of adenoviral transduction after i.v. delivery. Staining for B-galactosidase expression in the right lobe of the liver (4),
the left lobe of the liver (B), the spleen (C), and the lungs (D) shows only transduction of hepatocytes (X100).
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tissue sections indicated the absence of inflammatory cell
infiltrates (data not shown).

Effects of Pharmacotherapy on Nitrogen-Flux Measure-
ments in Normal Calves. Whole-blood ['’N]urea enrichment
during the intermittent oral administration of SNH,Cl was
measured over consecutive 2-day periods in two control calves
(S6 and S7). The labeling of the plasma glutamine (2.55 + 0.43
mol% excess) and urea (2.32 = 0.43 mol% excess) pools
reached similar isotopic enrichments. Treatment of the calves
with pharmacological doses of sodium benzoate/arginine or
arginine alone had only a small effect on ’N-labeling of urea
(Fig. 3). These data indicate that in normal calves, steady-state
measurements of [°N]Jurea enrichment derived from oral
doses of PNH,CI precursor are relatively insensitive to the
pharmacologic doses of sodium benzoate and arginine.

In Vivo Correction of Bovine Citrullinemia. Neonatal calves
were genotyped by PCR amplification on the day of birth, and
citrullinemic animals were fed arginine /benzoate. At 1 week of
age, a 2-day baseline nitrogen-flux study was performed with
ISNH,4Cl administered with feedings every 6 h. Even though
blood glutamine was highly labeled (2.31 = 0.39 mol% excess),
['SN]urea enrichment was undetectable in the initial study of
both citrullinemic calves (S2 and S3), consistent with the
absence of urea-cycle-specific urea synthesis (Fig. 44). A day
after completion of this first study, AAAEICAGASS (1 X 1013
particles per kg) was administered by i.v. infusion. Over days
2 and 3 and days 16 and 17 after treatment, the 2-day
nitrogen-flux studies were repeated. Treatment with the vector
did not alter the isotopic enrichment of circulating glutamine
(2.18 = 0.24 mol% excess), but urea was now enriched with >N
to values that ranged from 0.8 to 1.5 mol% excess, a finding

Proc. Natl. Acad. Sci. USA 96 (1999)

consistent with adenoviral transduction of hepatocytes and de
novo ASS activity (Fig. 44). On the basis of ['°N]urea labeling,
urea synthesis was maintained for at least 18 days after vector
administration. Moreover, both calves (S2 and S3) fed nor-
mally during this period, consistent with improved clinical
condition. Plasma citrulline levels remained elevated (for S2,
2,037 £ 362 uM; for S3, 2,228 = 175 uM; for normal calves,
46 = 37 uM, n = 5). However, this continued elevation was not
unexpected, because net citrulline clearance occurs because of
renal ASS activity and selective restoration of this activity in
the liver would not affect the urea cycle in the kidney.
Importantly, plasma glutamine levels decreased to normal
levels after administration of the vector (Fig. 4B). This de-
crease presumably reflects the de novo urea-cycle flux, which
relieved the accumulation of precursor in the total-body
nitrogen pool. Arginine levels remained constant within the
normal range (129 = 75 uM, n = 5), whereas plasma ammonia
fluctuated (for S2, 106 = 84 uM; for S3: 216 = 36 uM). AST
levels remained normal except for two elevations during the
course of the study. S2 and S3 had elevations of serum AST to
510 international units/liter on day 7 and 585 international
units/liter on day 14, respectively. Both of these values nor-
malized over the next 2 days. However, serum alanine ami-
notransferase and alkaline phosphatase levels remained nor-
mal throughout the study. Histological analysis of hematoxylin
and eosin stains did not show evidence of inflammatory
infiltrate.

DISCUSSION

Urea-cycle disorders account for significant neurologic mor-
bidity and mortality in pediatrics and provide a paradigm for
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Error bars represent SD.
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defects of hepatocyte intermediary metabolism. Development
of gene-replacement therapy for this condition and other
conditions has been hindered by a shortage of animal models
of target human diseases and by poor assays for metabolic
correction. We show the application of in vivo gene-
therapeutic correction of citrullinemia in a neonatal large-
animal model that resembles both the pathologic condition
and the therapeutic approach to the human condition. Sys-
temic delivery of 1 X 10'3 particles per kg of a first-generation
adenoviral vector expressing B-galactosidase resulted in spe-
cific transduction of 20% of hepatocytes. This percentage is
2-5 times less than the efficiency seen with the same prepa-
ration in mice (ref. 19 and unpublished data). Although this
difference is likely to be species-specific, it shows that hepa-
tocyte-directed expression can be achieved with i.v. delivery
but also that achieving a high percentage of transduction in
larger species may be more difficult. Interestingly, transduction
was preferential to central venous hepatocytes. The converse
would be expected, given that, after systemic i.v. injection, the
virus is delivered initially to liver parenchyma at periportal
hepatocytes via the portal and hepatic arterial circulation. In
the mouse, at least, this apparent difference in distribution is
lost at higher doses, at which almost all hepatocytes are
transduced (unpublished data). The nature of this effect at
lower levels of transduction is unclear.

In the citrullinemic calves, we show at least a temporarily
rescue with a single treatment of an adenoviral vector express-
ing the human ASS cDNA. The calves improved clinically and
had decreased serum-glutamine profiles, consistent with de

novo urea synthesis. It was particularly important to note that
they continued to survive in spite of withdrawal of sodium
benzoate pharmacotherapy. Sodium benzoate is critical in the
treatment of this condition, because it conjugates glycine to
form hippurate. Subsequently, hippurate is excreted in the
urine, thereby providing an alternative route of disposal for the
circulating nitrogen pool. Arginine therapy was continued,
because correction of hepatic urea-cycle activity likely does not
restore net arginine production. Similarly, net citrulline clear-
ance occurs via the kidney urea cycle. In humans with citrul-
linemia who have had liver transplants, citrulline levels remain
elevated after transplantation, because correction of the he-
patic enzyme deficiency does not affect net citrulline clearance
and arginine synthesis by the kidneys, which are still enzyme-
deficient (35). In this study, because i.v. injection of adenovirus
selectively transduces hepatocytes, ASS activity is restored
only in the liver and not in the kidney, hence the continued
elevation in citrulline and the requirement for arginine.

The treated calves experienced two transient episodes of
elevated serum AST. The etiology of this short-term inflam-
mation is unclear, but its course is unlike the later and more
chronic host immune-related toxicity that has been observed
in toxicity studies in mice and nonhuman primates (36).
Ultimately, as was expected with the use of first-generation
adenoviral vectors, the therapeutic correction was transient
with deterioration of the clinical status 3 weeks after treat-
ment. These vectors, which are deficient in the Ela transac-
tivation factor, are replication-deficient, but continue to ex-
press late viral structural proteins that initiate immune clear-
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ance of the transduced cells, dose-related inflammation, and a
subsequent loss of enzymatic correction. The duration of
expression may be increased with the use of the latest helper-
dependent adenoviral vector systems that eliminate the im-
munogenicity and toxicity associated with viral gene expres-
sion. These vectors are devoid of viral coding sequences and do
not express viral proteins after transduction.

Importantly, we demonstrate the use of a stable-isotope
nitrogen precursor/product protocol for correlating [*N]urea
enrichment with in vivo urea-cycle activity and clinical im-
provement after viral gene therapy. At steady state, the flux
from BNH4Cl to ["N]urea was unaffected by administration of
sodium benzoate and/or arginine, with the ["*N]urea enrich-
ment remaining between 2-2.5 mol% excess. The lack of effect
observed with concurrent drug treatment is especially impor-
tant, because, as in the bovine model, human studies would be
performed with necessary concurrent pharmacotherapy that
may normalize other measures of efficacy, such as plasma
amino acids and ammonia. Transduction of approximately
20% of hepatocytes with an adenoviral vector expressing
human ASS from an ubiquitously active promoter resulted in
43% and 50% of the ['*N]urea enrichment measured in control
calves. This level of transduction was sufficient to achieve
clinical improvement, albeit on a temporary basis. These
studies show that bovine citrullinemia is a useful model for
evaluating in vivo gene therapy for a classic inborn error of
hepatocyte metabolism. Moreover, measurement of the flux of
ISNH4CI to [PN]urea in these calves has enabled us to corre-
late de novo expression of human ASS with urea-cycle activity
and clinical efficacy in spite of potentially confounding vari-
ables such as concurrent pharmacotherapy. Together, these
data lend insight into a large-animal model of a urea-cycle
defect and form the basis of designing future human clinical
trials.
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