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Abstract
Ornithine transcarbamylase deficiency (OTCD), the most common and severe urea cycle disorder,
is an excellent model for developing liver-directed gene therapy. No curative therapy exists except
for liver transplantation which is limited by available donors and carries significant risk of
mortality and morbidity. Adeno-associated virus 8 (AAV8) has been shown to be the most
efficient vector for liver-directed gene transfer and is currently being evaluated in a clinical trial
for treating hemophilia B. In this study, we generated a clinical candidate vector for a proposed
OTC gene therapy trial in humans based on a self-complementary AAV8 vector expressing codon-
optimized human OTC (hOTCco) under the control of a liver-specific promoter. Codon-
optimization dramatically improved the efficacy of OTC gene therapy. Supraphysiological
expression levels and activity of hOTC were achieved in adult spfash mice following a single
intravenous injection of hOTCco vector. Vector doses as low as 1×1010 genome copies (GC)
achieved robust and sustained correction of the OTCD biomarker orotic aciduria and clinical
protection against an ammonia challenge. Functional expression of hOTC in 40% of liver areas
was found in mice treated with a low vector dose of 1×109 GC. We suggest that the clinical
candidate vector we have developed has the potential to achieve therapeutic effects in OTCD
patients.
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1. Introduction
Inborn errors of metabolism affecting the urea cycle can trigger hyperammonemia, a life
threatening condition that often leads to irreversible cognitive impairment, coma and death
[1, 2]. The prevalence of urea cycle disorders is estimated to be at least 1 in 15,000 [3].
Patients with ornithine transcarbamylase deficiency (OTCD), an X-linked disorder, account
for nearly half of all cases of inborn errors of urea synthesis, making it a compelling disorder
for developing new therapies [4]. Current therapies for OTCD have numerous challenges
[5-7]. Patients can be managed with a low protein diet combined with the use of medications
that activate alternate nitrogen clearance pathways, however, this regimen does not prevent
hyperammonemic crises [6, 7]. Liver transplantation can cure OTCD, although it is limited
by availability of donor livers, associated morbidity and mortality of the procedure, and the
immunosuppressive drugs that are necessary to prevent rejection of the graft [8-11].

Vectors based on adeno-associated virus (AAV) have shown great potential for sustained
expression of therapeutic transgenes. The main advantages of AAV are the attractive safety
profiles and the possibility of generating long-term transgene expression without the
requirement for chromosomal integration. Successful transduction of hepatocytes has been
achieved in a number of animal species, including mice, dogs and non-human primates
[12-15]. Among the AAV serotypes, AAV8 has been shown to be the most efficient for
liver-directed gene transfer [16, 17], and is currently being evaluated in a clinical trial for
hemophilia B [18].

We and others have demonstrated the capacity of AAV-based gene therapy to restore
protective levels of liver OTC enzyme activity with a single treatment in spfash mouse, a
mouse model of OTCD [19-21]. Systemic delivery of AAV2/8 vectors expressing murine
OTC (mOTC) under the control of liver-specific promoters achieved sustained correction.
Modifications of the vector and/or transgene cassette, such as the use of a self-
complementary (sc) AAV vector, incorporation of Kozak-like sequences or a post-
transcriptional regulatory element, dramatically improved the potency of the vector [20, 21].
More recently, Cunningham et al showed that in spfash mice rendered completely deficient
in OTC through vector-mediated expression of shRNA that the dose of OTC-expressing
AAV vector required to prevent hyperammonemia was five-fold lower than that required to
normalize the biomarker for OTCD, orotic aciduria [22].

Progression of a gene therapy product for OTC into the clinic eventually requires pre-
clinical evaluation of a vector expressing the human OTC (hOTC) gene. However, previous
studies using adenoviral vectors have illustrated the difficulties of expressing sufficient
levels of active human OTC in OTCD mice [23, 24]. Using chimeric OTC constructs, Ye et
al demonstrated that differences in the human and mouse amino-terminal leader peptides of
OTC caused low activity of hOTC in spfash mice [25]. In the current study, we focused on
generating an efficient clinical candidate AAV vector for OTC gene therapy in humans. We
performed detailed evaluations of the characterizations of the kinetics, stability, and efficacy
of the AAV vector in spfash mice.

2. Materials and Methods
2.1. Codon optimization, vector construction and production

The initial codon optimization of human OTC cDNA was performed by GenScript using
proprietary OptimumGene™ codon optimization technology (GenScript, Piscataway, NJ).
The DNA sequences were examined and further modified to eliminate potential alternative
reading frames from internal out of frame ATG with the size equal to or greater than 9
peptides. The final codon-optimized human OTC cDNA (hOTCco) was synthesized by
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GenScript. pAAVsc.TBG.hOTCwt and pAAVsc.TBG.hOTCco were constructed by
replacing the mOTC coding sequencing with wild-type (WT) hOTC (hOTCwt) or hOTCco
cDNA, respectively, in a plasmid derived from the previously described
pAAVsc.TBG.mOTC1.3 with the intron disrupted [19-21]. The two vector preps
(AAV2/8sc.TBG.hOTCwt and AAV2/8sc.TBG.hOTCco) used in the initial comparison
study (described in Fig. 1) were purified by two rounds of cesium chloride gradient
centrifugation, as previously described [17]. Vectors used in the rest of the study were
produced by a scaled production method based on polyethylenimine (PEI) transfection and
purified from supernatant or total lysate by iodixanol gradient centrifugation as described
[26]. Genome titers [genome copies (GC)/ml] of AAV vectors were determined by real-time
PCR using primer and probe sets targeting the TBG promoter (forward primer 5′-
AAACTGCCAATTCCACTGCTG-3′, reverse primer 5′-
CCATAGGCAAAAGCACCAAGA-3′, probe 6FAM–
TTGGCCCAATAGTGAGAACTTTTTCCTGC–TAMRA), and using a linearized plasmid
as the standard. The forward primer is located 400bp downstream of the 5′ closed hairpin.
Fagone et al recently reported that the quantitative PCR (Q-PCR) method could significantly
underestimate the titer of scAAV vectors, especially when the PCR primers were close to
the closed hairpin of the scAAV vector [27]. We remeasured the titer of one lot of
AAV2/8sc.TBG.hOTC covector using a primer and probe set targeting the polyA region
(1900bp downstream of the 5′ closed hairpin), and the genome titer was 1.1-fold of the
original titer, which was within the intra-assay error of Q-PCR.

2.2. Animal studies
All animal procedures were performed in accordance with protocols approved by the
Institutional Animal Care and Use Committee (IACUC) of the University of Pennsylvania.
Spfash mice were maintained at the Animal Facility of the Translational Research
Laboratories at the University of Pennsylvania as described previously [19]. Three to six
months old spfash mice and their normal littermates were used in the studies. Vectors were
administered by intravenous (i.v.) injection via the tail vein.

2.3. Measurement of urinary orotic acid
Urine samples were collected before and at various time points after vector treatment for
orotic acid analysis as previously described [19].

2.4. OTC enzyme activity assay
OTC enzyme activity was measured using a liquid chromatography mass spectrometry
stable isotope dilution method to detect the formation of citrulline normalized to
[1,2,3,4,5-13C5] citrulline (98% 13C). The method is adapted from a previously developed
assay for detection of N-acetylglutamate synthase activity [28]. Slivers of fresh frozen liver
were weighed and briefly homogenized in buffer containing 10 mM HEPES, 0.5 % Triton
X-100, 2.0 mM EDTA and 0.5 mM DTT. Volume of homogenization buffer was adjusted to
obtain 50 mg/ml tissue. Enzyme activity was measured using 250 μg liver tissue in 50 mM
Tris-acetate, 4 mM ornithine, 5 mM carbamyl phosphate, pH 8.3. Enzyme activity was
initiated with the addition of freshly prepared 50 mM carbamyl phosphate dissolved in 50
mM Tris-acetate pH 8.3, allowed to proceed for 5 minutes at 25 °C and quenched by
addition of an equal volume of 5 mM 13C5-citrulline in 30%TCA. Debris was separated by
5 minutes of microcentrifugation, and the supernatants were transferred to vials for mass
spectroscopy. Ten μL of sample was injected into an Agilent 1100 series LC-MS under
isocratic conditions with a mobile phase of 93% solvent A (1 ml trifluoroacetic acid in 1 L
water):7% solvent B (1ml trifluoroacetic acid in 1L of 1:9 water/acetonitrile). Peaks
corresponding to citrulline [176.1 mass:charge ratio (m/z)] and 13C5-citrulline (181.1 m/z)
were quantitated, and their ratios were compared to ratios obtained for a standard curve of
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citrulline run with each assay. Samples were normalized to either total liver tissue or to
protein concentration determined using a Bio-Rad protein assay kit (Bio-Rad, Hercules,
CA).

2.5. OTC histochemistry and immunostaining
Histochemical demonstration of OTC enzyme activity and immunostaining of OTC protein
in liver sections were performed as previously described [21, 24]. The primary antibody to
detect hOTC was a custom rabbit polyclonal antibody provided by Hiroki Morizono’s
laboratory at the Children’s National Medical Center.

2.6. Western blot analysis
Western analysis to detect hOTC expression in liver lysate was performed as previously
described [21]. The primary antibody to detect hOTC was a custom rabbit polyclonal
antibody provided by Hiroki Morizono’s laboratory at the Children’s National Medical
Center. Liver lysates (10 μg/lane) were also blotted and probed by an anti-tubulin antibody
(Abcam, Cambridge, MA).

2.7. Ammonia challenge
As a nitrogen-load challenge test, mice were injected intraperitoneally with a 0.75 M NH4Cl
solution at the dose of 7.5 mmolkg−1. Behavioral measurements were assessed as previously
described [21], and the scoring scale was slightly modified [21, 29] (Table 1). A complete
normal mouse would score as 6. Untreated spfash mice and the normal littermates were
challenged at the same time as controls.

2.8. Quantification of vector genomes in liver
Vector genomes in liver were quantified by real-time PCR (TaqMan Universal Master Mix,
Applied Biosystems, Foster City, CA) as described previously [30]. Primer sequences and
PCR conditions are described above in section 2.1. The PCR conditions were set at 1 μg
total cellular DNA as template, 300 nM primers, and 200 nM probe each. Cycles were for 10
min at 95 °C, 40 cycles of 15 seconds at 95 °C, and 1 min at 60 °C. A value of 1.5×105 GC
per 1 μg DNA was calculated to represent one GC per diploid genome. Each test sample was
also spiked in with 106 copies of linearized plasmid DNA to ensure there were no inhibition
effects from the test sample.

2.9. Morphometric analysis of OTC expression in liver
The relative area of liver sections occupied by transduced hepatocytes was determined on
sections processed both for OTC immunostaining and for OTC enzyme activity staining. A
representative image was taken with a 10x objective from every liver section under identical
camera and microscope settings for each staining method. ImageJ software (Rasband 1997–
2006; National Institutes of Health, Bethesda, MD, http://rsb.info.nih.gov/ij/) was used to
threshold the images (i.e., to mark areas of hepatocytes staining positive for OTC protein or
enzyme activity) and then to determine the percentage of the selected area per total image
area. Reported are the average percentage values for each group.

3. Results
3.1. Significant improvement of OTC protein expression levels and activity by codon
optimization of hOTC cDNA

To generate an efficient clinical candidate vector for gene therapy of OTCD in humans, we
first performed codon-optimization on human OTC cDNA, using Genscript’s
OptimumGene™ codon optimization technology. The optimized cDNA sequences were
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examined and further modified to eliminate potential alternative reading frames (ARFs)
from internal non-in-frame ATG sequences that could theoretically encode peptides of 9 or
more amino acids in length. This measure was taken to avoid potential cytotoxic T
lymphocyte (CTL) responses to transgene products generated from ARFs [31]. Both wild-
type human OTC cDNA (hOTCwt) and codon optimized human OTCcDNA (hOTCco)
were cloned into a previously established AAV2/8sc.TBG.mOTC vector [21], replacing the
murine OTC cDNA. OTC protein expression levels and OTC activity were evaluated in the
liver of spfashmice 14 days after i.v. injection of 1×1011 GC of AAV2/8sc.TBG.hOTCwt or
AAV2/8sc.TBG.hOTCco vectors. The extent of gene transfer based on resident vector
genomes was not statistically different between the two groups (Fig. 1c). Western analysis
demonstrated 100-fold higher expression of hOTC from the hOTCco vector as compared to
the hOTCwt vector, reaching levels in slight excess of those seen in WT mice (Fig. 1a). An
assessment of OTC enzyme activity generally correlated with the OTC Western blot
experiments (Fig. 1b) although OTC protein was more elevated than OTC enzyme activity
when compared to endogenous OTC. When subtracting the background activity levels in the
spfash mice, the hOTCco vector resulted in over 33-fold higher activity than the hOTCwt
vector.

3.2. The dose of vector correlated with liver OTC activity and gene transfer
To further characterize the activity of the hOTCco vector, a dose escalation study was
carried out in spfash mice, varying doses half logs between 1×109 to 1×1011 GC. The dose of
vector correlated with transgene-derived OTC protein as assessed by Western analysis on
liver lysates (Fig. 2a). Mice treated with 1×1010 GC of the hOTCco vector had OTC protein
levels close to WT mice. Liver OTC activity levels also correlated well with vector doses.
Mice treated with 3×1010 GC of the hOTCco vector had OTC activity levels close to WT
mice (Fig. 2b). Vector genome copies in liver also correlated well with vector doses with
close to 1 copy of the vector genome per diploid genome detected in the liver of mice treated
with 3×109 GC of vector (Fig. 2c). A linear correlation was observed between vector
genome copies in liver and an incremental increase in liver OTC activity levels in the
vector-treated mice (Fig. 2d). Except for the 1×1011 GC dose group, which had a 2-fold
reduction of vector genomes in liver and a 3-fold reduction in liver OTC activity between
week 4 and week 40, stable gene transfer and stable gene expression was observed in all the
other four dose groups for the duration of the experiment, which spanned 40 weeks (high
dose groups) or 23 weeks (low dose groups; Figs. 2b and c).

3.3. Evaluation of transduction efficiency by immunostaining and OTC histochemical
staining

For OTC gene therapy to be effective, it is desirable to have a broad transduction of
hepatocytes. To evaluate transduction efficiency, liver sections were analyzed by both
immunostaining for OTC protein expression and histochemical staining for OTC activity.
As shown in Fig. 3a, there was a general consistency between the immunostaining and OTC
histochemical staining results, although OTC histochemical staining appeared to be
somewhat more sensitive than the immunostaining. There was no clear dose-correlated
effect on transduction efficiency based on morphometric analyses; high transduction was
achieved throughout the entire range of doses (Fig. 3b). Between doses 1×1011 and 3×109

GC, transduction efficiency as measured by histochemical staining varied between 50-70%.
At the lowest dose of 1×109 GC, 40% of the liver areas were positive by OTC histochemical
staining. We estimated that at a dose of 1×109 GC, each transduced hepatocyte contained a
single copy of vector genome. This was based on the vector genome copy analysis which
showed an average of 0.4 copies per diploid genome.
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3.4. Robust and sustained correction of OTCD in spfash mice following a single
intravenous injection of AAV2/8sc vector

Phenotype correction in the hOTCco vector-treated spfash mice was evaluated by the
correction of the biomarker for OTCD, urinary orotic aciduria, and by the clinical responses
of the mice to an NH4Cl challenge. Three days after a single i.v. injection of
AAV2/8sc.TBG.hOTCco vector at the dose of 1×1011, 3×1010, and 1×1010 GC (higher dose
groups), urinary orotic acid levels in the treated mice were normalized to WT levels (Fig.
4a). The lower dose groups (3×109 and 1×109 GC) took slightly longer to achieve complete
correction of orotic aciduria. Once achieved, the correction was stable and sustained
throughout the study (40 weeks for the higher dose groups, and 23 weeks for the lower dose
groups). NH4Cl challenges were performed at various time points after vector treatment.
The higher dose groups had similar responses as WT mice after an NH4Cl challenge, while
the lower dose groups had improved responses but lower scores than the WT mice (Fig. 4b).

3.5. Equivalent function of human and mouse OTC leader peptides
Previous adenoviral vector-based gene transfer studies have suggested that the differences
between mouse and human mitochondrial leader peptide sequences of OTC may lead to
inefficient import of hOTC into mouse mitochondria [25]. As shown above, the hOTCco
protein expressed from AAV2/8sc.TBG.hOTCco vector was active and functional in mouse
liver, indicating that the human leader peptide sequences work well in mice. We formally
evaluated the impact of a mouse OTC leader sequence on the expression of the hOTCco
enzyme by creating a chimera (mL-hOTCco) and produced the corresponding sc AAV8
vector. Evaluation in spfash mice showed that similar gene transfer efficiencies were
achieved with the human and mouse mitochondrial leader peptide sequences. Furthermore,
there were no significant differences between hOTCco and mL-hOTCco in terms of liver
OTC activity at the 3 vector doses tested (Fig. 5). Similar kinetics of correction of orotic
aciduria and responses to an NH4Cl challenge were observed (data not shown). These data
demonstrate that the human mitochondrial leader peptide sequence in hOTCco works as
efficiently as the mouse leader peptide sequence in the context of codon optimization of
hOTC cDNA.

4. Discussion
AAV8 has shown great potential for liver-directed gene therapy. Efficacy has been
demonstrated in many preclinical studies using a number of animal species, and AAV8 is
currently being evaluated in a gene therapy trial for hemophilia B [15, 18, 20, 32]. Yet,
challenges remain, including pre-existing neutralizing antibodies and immune responses
towards AAV-encoded transgene products or AAV capsid proteins [33, 34]. Gene therapy of
a metabolic disease such as OTCD presents a more challenging model for gene replacement
therapy. Because the gene acts in a cell-autonomous manner (i.e., it can only influence the
cell in which it is expressed), therapeutic effects should be directly correlated with the
number of target cells that are transduced, rather than with the net level of expression in
liver such as with a secreted protein where high expression per cell can overcome low
transduction. Furthermore, it appears that hOTCwt mRNA is unstable. Without the addition
of the mRNA stabilizing woodchuck hepatitis virus posttranscriptional regulatory element
(WPRE) in a helper-dependent adenoviral vector, hOTC mRNA was hard to detect in
transduced liver by Northern blot analysis [35]. There was an additional concern in
evaluating the efficacy of hOTC gene therapy in mouse models because of the possibility
that a species-specific mitochondrial importation signal was required [25].

In the current study, we optimized codon usage in the hOTC cDNA in order to maximize
translation and improve mRNA stability, and removed potential ARFs to avoid CTL
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responses to transgene products generated from ARFs [31]. This single modification step
dramatically improved the hOTC protein levels by 100-fold and OTC liver activity by 33-
fold (Fig. 1). Sustained and dose-correlated hOTC expression and activity levels were
observed in the treated spfash mice. Compared to our previous AAV2/8sc.TBG.mOTC1.3
vector which differs mainly in the cDNA [21], the hOTCco vector was about 10-fold more
potent. Liver activity levels in spfashmice treated with 3×109 GC of hOTCco vector were
similar to those in mice treated with a 10-fold higher dose of the mOTC1.3 vector. The dose
response study showed good correlation of vector doses with OTC protein levels and OTC
activity levels. Mice treated with 1×1010 GC of the hOTCco vector had OTC protein levels
close to those in WT mice (Fig. 2a), and mice treated with 3×1010 GC of the hOTCco vector
had OTC activity levels close to WT mice (Fig. 2b). The fact that slightly higher vector
doses were needed to reach WT activity levels than those needed to reach the protein levels
suggests that not all expressed protein was fully functional.

The most remarkable aspect of this study was the extraordinarily high level of transduction,
as measured by OTC histological assays, throughout a broad range of doses. Between doses
1×1011 and 3×109 GC, transduction efficiency, as measured by histochemical staining,
varied between 50-70%. At the lowest dose of 1×109 GC, 40% of the liver areas were
positive by OTC histochemical staining. The lack of a clear dose effect by histochemistry
and immunostaining could be due to the fact that codon optimization significantly improves
hOTC expression in the transduced hepatocytes. This leads to improved sensitivity to detect
transduced cells with low vector genome copies. Transduction could be saturated with high
vector doses (1×1011 - 1×1010 GC), and therefore transduction efficiency measured by in
situ detection methods would not discriminate between low and high dose groups in contrast
to OTC enzyme activity on liver lysates measured by mass spectrometry. The fact that not
100% of hepatocytes appear transduced even at the highest dose of 1×1011 GC could be
related to the long-term time point of 9 months in this study where initial expression might
have been lost in some individual hepatocytes.

Morphometric analysis showed that about 40% of the liver areas were positive for OTC
expression in mice 23 weeks post treatment with 1×109 GC of the hOTCco vector (Fig. 3).
Vector DNA measurement showed that there were on average 0.4 vector DNA copies per
diploid genome in the liver of mice treated with 1×109 GC of the hOTCco vector (Fig.
2c).These data indicate that each transduced cell had detectable hOTC expression. This level
of transduction has never been achieved based on the commonly used reporter genes, such
as β-galactosidase or enhanced green fluorescence protein. The results of experiments using
these reporter genes have puzzled researchers in that the vector genomes far exceed the
number of transduced cells. Our data suggest that the explanation may simply be the
sensitivity of the histological assays. In our case, the combination of extraordinarily high
efficiency of the optimized transgene cassette together with highly sensitive histological
assays indicates every resident vector genome is transcriptionally active and capable of
functional correction. The fact is, however, that at some point the level of expression per cell
diminishes below that capable of fully reconstituting the urea cycle, since protection to an
NH4Cl challenge was less effective at 1×109 GC than at 1×1010 GC.

The correction of urine orotic aciduria and protection against an NH4Cl challenge by the
hOTCco vector was robust and long-lasting, indicating the efficacy and stability of hOTCco
gene therapy. Three days after a single intravenous injection of vector at 1×1010 GC or
higher, urine orotic acid levels in the treated mice were normalized and sustained throughout
the experiment (40 weeks; Fig. 4a). It took 1-2 weeks for the lower dose groups (1×109 and
3×109 GC) to reduce the urine orotic acid levels to normal range.
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We were originally concerned about our ability to assess the functionality of the hOTCco
vector in the spfash mice due to the previous finding that a species-specific leader peptide
sequence is needed for import of the OTC protein from the cytoplasm into the mitochondria
[25]. To assess this, we constructed a vector encoding a chimeric construct with the mouse
leader peptide (mL-hOTCco) and tested it in the spfash mice. We, in fact, found that there
were no detectable differences in the OTC liver activity between mL-hOTCco and hOTCco
vectors as measured by both an OTC enzyme assay in liver lysates and by OTC
histochemical staining of liver sections. The higher expression levels of hOTC protein from
the codon-optimized hOTC vector appear to be sufficient to overcome the species specificity
of mitochondrial import and processing previously reported by Ye et al[25]. A previous
study using helper-dependent adenovirus expressing hOTC with the help of WPRE also
showed long-term efficacy in spfash mice [35]. It is possible that in human hepatocytes,
where impeded import of hOTC is not an issue, the efficacy of the hOTCco vector may be
even higher than that observed in the mouse system.

In summary, we have demonstrated that codon-optimization is an effective and relatively
simple way to achieve dramatic improvements in the efficacy of OTC gene therapy. Such
optimization has also been demonstrated with other transgenes such as human clotting factor
IX that is being evaluated in a clinical trial [14, 15, 18, 36, 37]. The clinical candidate vector
we described here has the potential to achieve therapeutic effects in OTCD patients.
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Highlights

- Codon optimization significantly improves OTC protein expression levels and
activity.

- The clinical candidate AAV8 vector has high transduction efficiency and efficacy.

- Robust and sustained correction in OTCD mice by a sc AAV2/8 vector expressing
hOTC.

- Detection of functional enzyme from each persisting vector genome.

Wang et al. Page 11

Mol Genet Metab. Author manuscript; available in PMC 2013 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1. Dramatic improvement of OTC expression levels and activity in liver by codon
optimization of the hOTC gene
Adult male spfash mice were injected intravenously with 1×1011 GC of
AAV2/8sc.TBG.hOTCwt or AAV2/8sc.TBG.hOTCco vectors. Fourteen days after vector
treatment, liver was harvested. (a) Western analysis to detect OTC protein in the liver
lysates from untreated and vector-treated spfash mice, and WT mouse. (b) Liver OTC
activity following vector treatment. OTC activity levels are presented as percentages of the
mean level in WT mice (n=5; Mean ± S.D.). The OTC activities in mice treated with
AAV2/8sc.TBG.hOTCwt (hOTCwt) were not statistically different (ns) from untreated
spfash mice. (c) Vector genome copies in liver.*P<0.001, student t test.
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Figure 2. Dose correlated OTC protein expression levels and vector genomes in liver
Livers were harvested from vector-treated spfash and untreated control mice at 4, 13, and 40
weeks (1×1011, 3×1010 and 1×1010 GC groups) or 6 and 23 weeks (3×109 and 1×109 GC
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groups) post vector treatment. (a) Western blot analysis on liver lysates from WT, vector-
treated (4 or 6 weeks post) or untreated spfash mice (1 μg, 0.1 μg or 0.01 μg protein per
lane). Representative samples from each dose group are shown. (b) Dose-correlated liver
OTC activity at different time points post vector administration. Mean ± S.D. are shown
(n=3-5 per group). (c) Dose-correlated vector genome copies in the liver of treated mice at
different time points post vector administration. Mean ± S.D. are shown (n=3-5 per group).
(d) Dose response showing the correlation of vector genome copies and liver OTC activity
levels (*background activity in the spfash mice was subtracted). Data for 1×1011, 3×1010 and
1×1010 GC groups were based on week 13, and data for 3×109 and 1×109 GC groups were
based on week 23. Mean ± S.D. are shown (n=3-5 per group).
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Figure 3. High levels of OTC protein expression and activity in the liver of spfash mice treated
with AAV2/8sc.TBG.hOTCco
(a) Liver was harvested at 40 weeks (1×1011, 3×1010 and 1×1010 GC groups) or 23 weeks
(3×109 and 1×109 GC groups) post vector treatment for histochemical staining of OTC
activity (left panels, 20x) and immunostaining of hOTC protein (middle and right panels,
10x and 20x, respectively). Representative pictures from each dose group are shown. Scale
bar: 200 μm (left and middle panels) and 100 μm (right panel). (b) Morphometric analysis of
liver transduction efficiency based on OTC histochemical staining (Histochem) and
immunostaining of OTC protein (Immuno). N=3-5, mean ± S.D.
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Figure 4. Dose response study on the efficacy of AAV2/8sc.TBG.hOTCco vector
Adult male spfash mice were injected i.v. with AAV2/8sc.TBG.hOTCco vector at the dose of
1×1011, 3×1010, 1×1010, 3×109 and 1×109 GC. (a) Robust and sustained normalization of
urinary orotic acid levels following vector treatment. Shaded area indicates orotic acid levels
in normal mice. (b) Outcome of NH4Cl challenge performed at 4, 6, 13, 23, or 40 weeks
post AAV vector treatment.
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Figure 5. In vivo evaluation of AAV2/8sc.TBG.mL-hOTCco vector
Spfash mice were injected i.v. with AAV2/8sc.TBG.mL-hOTCco vector at the dose of
1×1011, 3×1010, and 1×1010GC. Livers were harvested at 4, 13, and 40 weeks post vector
treatment for measurement of liver OTC activity (a), or vector genome copies in liver (b), or
OTC enzyme activity staining (top panel) and immunostaining (middle panel) at 40 weeks
post vector administration (c). Immunostaining with naïve rabbit serum is shown at the
bottom panel as control. Scale bar: 200 μm.
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Table 1

Behavioral scoring scale

Category Score Description of behavior

Ataxia 3 Normal gait

2 Abnormal gait

1 Unable to support itself

0 Death

Response to sound 3 No response to sound, normal behavior

2 Twitching of extremities

1 Jumping

0 Moribund; unable to right itself
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