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Abstract

Propionic acidemia (PA) is a metabolic disorder that causes mental retardation and that can be fatal if untreated.
PA is inherited in an autosomal recessive fashion involving mutations in PCCA or PCCB encoding the « and f
subunits of propionyl-CoA carboxylase (PCC). Current treatment is based on dietary restriction of substrate
amino acids, which attenuates symptoms. However, patients still experience episodes of hyperammonemia that
can cause progressive neurologic damage. In this paper, we have tested gene therapy approaches to PA in a
stringent mouse model of PCCA deficiency, in which homozygous knockout mice are born but die within 36 hr.
In this work, we have delivered first-generation and helper-dependent adenovirus serotype 5 (Ad5) vectors
expressing the human PCCA ¢cDNA by intraperitoneal injection into newborn mice. Unmodified Ad5 vectors
mediated extensive transduction of the peritoneum with weak liver transduction as determined by luciferase
imaging and dsRed expression. In contrast, modification of Ad5 with polyethylene glycol detargeted the virus
from the peritoneum and retargeted it for transduction in the liver. When vectors expressing PCCA were injected,
significant increases in life span were observed for both the unmodified and polyethylene glycol (PEG)-modified
Ad5 vectors. However, this rescue was transient. Similarly, adeno-associated virus serotype 8-mediated trans-
duction also produced only transient rescue. These data show first proof of principle for gene therapy of PA and

demonstrate the potential utility of PEG to modify viral tropism in an actual gene therapy application.

Overview Summary

Propionic acidemia (PA) is a metabolic genetic disease
likely requiring correction of 10 to 50% of gene function to
rescue the phenotype in the absence of other treatments.
PCCA ™/~ mice are born with liver damage and die within
36 hr of birth, and represent a stringent but simple model with
which to test the potential of gene therapy for PA. Adenovirus
is one of the few gene therapy vectors that can achieve this
level of correction in animal models. This work shows that
injection of adenovirus by the simple intraperitoneal route can
double animal life span and provides proof of principle for the
application of gene therapy for the treatment of humans with
less severe phenotypes. This work also shows that PEGylation
of adenovirus effectively detargets the virus from peritoneal
transduction after intraperitoneal injection and increases the
level of liver transduction by the vector. This and other work
suggests that PEG can be used not just to reduce innate and
adaptive immune responses to Ad, but to detarget and re-
target Ad vectors for in vivo gene therapy.

Introduction

ROPIONIC ACIDEMIA (PA) is a metabolic disorder first
described in a patient by Childs and colleagues in 1961.
PA affects approximately 1 in 30,000 live births worldwide,
and in areas of high prevalence, such as Saudi Arabia, the
disorder can affect as few as 1 in 2000 births (reviewed in Al
Essa et al., 1998; Ugarte et al., 1999). Propionic acidemia is
caused by defects in propionyl-CoA carboxylase (PCC) (Hsia
etal., 1971). PCC is a biotin-dependent mitochondrial enzyme
involved in the metabolism of odd-chain fatty acids and the
amino acids methionine, threonine, isoleucine, and valine by
converting propionyl-CoA to methylmalonyl-CoA (Fig. 1).
PCC is a dodecamer consisting of six o« and six f subunits
encoded by the PCCA and PCCB genes on chromosomes 11
and 3 (Lamhonwabh et al., 1986). Mutations in either gene can
cause PA with a spectrum of phenotypes (Campeau et al.,
2001).
In severe cases, patients cease feeding and become wasted
within days of birth. They are found to be hyperammonemic
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FIG. 1.
acidemia patient (B).

with elevated levels of propionyl carnitine in the blood. If
diagnosed early and a protein-restricted diet is applied, pa-
tients can be rescued, but they will likely still undergo severe
mental retardation and recurring episodes of hyper-
ammonemia that can lead to death. Long-term survival for
early-onset patients under treatment and monitoring is ap-
proximately 67% (Barshes et al., 2006). In less severe cases, PA
can be diagnosed on the basis of bouts of hyperammonemia in
persons aged 3 months to 20 years or older.

There is currently no cure for PA. Administration of car-
nitine can attenuate symptoms, because carnitine can act as a
carrier to remove propionyl-CoA from cells (Roe et al., 1984).
In addition, N-carbamylglutamate administration can reduce
hyperammonemia by bypassing propionyl-CoA inhibition of
N-acetylglutamate synthetase (O’Connor et al., 1989). In some
cases, children with PA who experienced frequent metabolic
decompensation have been treated by liver transplantation
(Yorifuji et al.,, 2000; Kayler et al., 2002). Although liver
transplantation had only minimal effects on the levels of
propionyl-CoA metabolites in the blood, hyperammonemia
was corrected and metabolic decompensation was controlled
(Yorifuji ef al., 2000). More importantly, the growth rate and
mental development of these children also improved signifi-
cantly after transplantation. Although liver transplantation
helped attenuate the symptoms of PA, this intervention is
dangerous and invasive and requires life-long immune sup-
pression. There is therefore a need for alternative treatments
for PA.
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Miyazaki and colleagues engineered a PCCA knockout
mouse, which serves as a model for PA. These mice live 24—
36 hr, show extremely high levels of propionyl carnitine, and
display classic wasting seen in severe early-onset PA pa-
tients (Miyazaki et al., 2001). Importantly, this group also
showed that these mice could be rescued for various
amounts of time when their systemic mutation was covered
by transgenesis with liver-specific PCCA expression. These
data in mice and transplantation data in humans provide a
rationale for testing the feasibility of performing systemic or
liver-specific gene therapy for PA. The PCCA knockout and
covering transgene study also provides some guidance on
the level of genetic correction that might be needed for ef-
fective treatment. In this case, long-term liver-specific ex-
pression of PCCA at 10-20% of wild-type levels was
insufficient to rescue the animals (Miyazaki et al., 2001). In
contrast, mice heterozygous for PCCA deficiency, with 50%
expression of the gene in the liver, were reportedly pheno-
typically normal. Therefore, one likely needs from 20 to 50%
of liver correction for survival in the mouse model where
protein restriction and other treatments are not feasible.
Considering that parents of children with PA do not expe-
rience overt effects of carrying only one copy of the gene,
this also suggests 50% correction may be the minimum
needed for liver-directed therapy.

Adenoviral (Ad) vectors have been widely used as to de-
liver genes in vivo. Adenoviral vectors are a good option for
delivery of the corrective transgene because of the high in-
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fectivity of dividing and nondividing cells with extremely
high transduction to the liver (Tang et al., 1994; Huard et al.,
1995). In particular for PA gene therapy, few other vectors
have been demonstrated to mediate the same robust level of
liver transgene expression as adenoviral vectors. For example,
a single adenovirus serotype 5 (Ad5) liver transduction can
produce supraphysiologic levels of 6 mg/ml of oy-antitrypsin
in the blood of mice (Morral ef al., 1998). In addition, Ad5
vectors are nonintegrating, and therefore reduce the chance of
oncogenesis (Desviat et al., 2004, 2006) and chromosomal re-
arrangements. Ad5 vectors have been injected into prenatal
mice to treat hemophilia A in a factor VIII knockout demon-
strating a short-term therapeutic level of correction (Lipshutz
et al., 1999) In addition, neonatal adenoviral gene therapy has
been effective in treating the twitcher mouse model of Krabbe
disease by intraventricular injection (Shen et al., 2001), and in a
neonatal lethal mouse model of citrullinemia by retro-orbital
injection (Ye et al., 2000).

Although adenoviral vectors are robust, they are also im-
munogenic. To reduce adenoviral immunogenicity, poly-
ethylene glycol (Lorimer et al., 1996) has been used to coat Ad5
vectors by covalent attachment. Adenoviral PEGylation has
been shown to block vector neutralization by antibodies, re-
duce T cell responses against transduced cells, reduce innate
immune responses, and blunt thrombocytopenia induced
by the vector (Chillon ef al., 1998, O'Riordan et al., 1999;
Croyle et al., 2001b; Mok et al., 2005). In addition, PEG also
has the interesting effect of blocking Ad5 interactions with
coxsackievirus—adenovirus receptor (CAR) in vitro (Ogawara
et al., 2004; Mok et al., 2005) without disrupting liver trans-
duction in vivo after intravenous injection (Mok et al., 2005).
These data suggest that adenoviral PEGylation can increase
the safety profile of the vector, but may also have utility in
detargeting the vector from CAR interactions in vivo.

In this work, we have tested first-generation and helper-
dependent Ad5 vectors and AAVS vectors for their ability to
deliver the PCCA transgene into PCCA™/~ newborn mice to
rescue this lethal phenotype. We have also tested the effects of
PEGylation on the tissue tropism of Ad5 after intraperitoneal
injection. We show that adenoviral vectors are able to extend
the life span of PCCA~/~ mice, but that this protection is
transient. We also show, in agreement with previously pub-
lished work in adult mice, that in neonatal mice, PEG can
detarget adenovirus from peritoneal transduction and re-
target the vector to the liver from this site.

Materials and Methods
Mice

All animals used for the experiments described in this pa-
per were treated according to the provisions of the Animal
Welfare Act, PHS Animal Welfare Policy, the principles of the
NIH Guide for the Care and Use of Laboratory Animals, and the
policies and procedures of Baylor College of Medicine
(Houston, TX) and the Mayo Clinic (Rochester, MN). Outbred
ICR mice were purchased from Harlan (Indianapolis, IN).

PCCA*/~ heterozygous mice (Miyazaki et al., 2001) were
generously provided by T. Miyazaki (University of Texas
Southwestern Medical Center, Dallas, TX). These mice were
rederived into the specific pathogen-free animal facility by
crossing with C57BL/6 mice to ensure the animals were
pathogen free. The PCCA™~/~ mice were reported to have
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knockout of a 2-kbp region encompassing exons 1 through 4
of the mouse PCCA gene (Miyazaki et al., 2001). Because ex-
ons 1-4 span a substantially larger size than 2 kbp, polymer-
ase chain reaction (PCR) analysis was performed to reconcile
this discrepancy. This PCR analysis determined the knockout
region to span a 2-kbp region of exons 4 and its intron, rather
than exons 1 through 4 (data not shown). With this informa-
tion, genotyping was performed as follows. Animals with a
knocked-out PCCA allele were identified by PCR for the in-
serted neomyecin resistance gene (1e0) with a primer specific to
neo (TGCTCCTGCCGAGAAAGTATCCATCATGGC) and a
primer specific to the PCCA gene upstream to the knocked-
out exons (GGC AGC AAA GAT GGT CTC AGG C). To
identify the endogenous PCCA allele (designated PCCA+),
primers (from Miyazaki and colleagues, 2001) that were spe-
cific for introns 2 and 3 (CTA GAA AGT AAATGTTTA CCA
GAA) and exon 4 (AGA ACT GGC ATC AAC ATC ACT
GTG) were used, because these will amplify the intact gene,
but fail with the knocked-out PCCA allele because exon 4 is
partially deleted. These primers were used to genotype the
animals and the mice were back-crossed with C57BL/6 mice
for five generations to homogenize their genetic background
97.5% to reduce experimental and metabolic variation due to
mixed genetic background. PCCA ™/~ mice were generated by
crossing PCCA™/~ heterozygous parents, because PCCA ™/~
mice die within 36 hr of birth (Miyazaki ef al., 2001).

Virus production

All first-generation viruses used for this study are first-
generation adenoviral vectors made with the AdEasy system
from Stratagene (La Jolla, CA). The cDNA for the human
PCCA was purchased from Invitrogen (Carlsbad, CA). This
cDNA was amplified by PCR, sequenced, and cloned into the
pShuttle-IRES-hrGFP plasmid from Stratagene. This cassette
was recombined into the AdEasy plasmid to generate the full
Ad5 vector, using BJ5183 bacterial cells as described by Par-
rott and colleagues (2003). After recombination, positive
clones were sequenced and wild-type clones were used. Ad5
virus was generated by digesting the plasmids with Pacl and
purified linear DNA was transfected in 293 cells, using
Polyfect (Qiagen, Valencia, CA). Once the Ad5 vector ex-
pressing the human PCCA ¢cDNA (Ad-hPCCA) was rescued,
it was amplified and purified on CsCl gradients as in Campos
and colleagues (2004). Once purified, the virus was desalted,
and the CsCl buffer was exchanged for KPBS buffer (10 mM
KoPO4, 150 mM NaCl, 1mM MgCl,, pH 7.8) supplemented
with 0.5 M sucrose for stability at -80°C (Croyle et al., 2001a).
Tris buffer was avoided, because it has amines that will
react and quench reactions with the succinimide group on
PEG. Helper-dependent adenoviral (HD-Ad) vectors expres-
sing hPCCA were generated in the HDA28E4 and HDA24E4
backbones generously provided by B. Lee (Baylor College
of Medicine) and were rescued as described previously
(Palmer and Ng, 2003). HD-Ad vectors were engineered to
express the same CMV-hPCCA-SV40polyA cassette as in the
first-generation AdEasy vectors or were engineered for liver-
specific expression, using the phosphoenolpyruvate carboxy-
kinase (PEPCK) promoter and woodchuck hepatitis virus
posttranscriptional ~ regulatory element (WPRE) cas-
sette (Mian et al., 2004) supplied by B. Lee (Baylor College of
Medicine).
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PEGylation of adenoviral vectors

PEGylation was performed as in Hofherr and colleagues
(2007), Briefly, 1x10'2 VP were incubated at room tempera-
ture for 1hr in a 10-mg/ml concentration of the 5-kDa PEG
ME-050HS (NOF, Tokyo, Japan) in KPBS-0.5 M sucrose with
constant mixing on a rotating wheel. The reaction was stop-
ped by addition of 10 mM Tris and excess PEG was removed
by gel filtration on Sephadex G50 columns (GE Healthcare
Life Sciences, Piscataway, NJ). The KPBS-0.5 M sucrose buffer
was exchanged for A195 buffer (Evans et al., 2004). Viral
concentrations were determined by absorbance at 260 nm and
confirmed by quantitative PCR as described in Hofherr and
colleagues (2007). Historically, the degree of PEGylation is
approximately 65% by 3-(4-carboxybenzoyl)quinoline-2-
carboxaldehyde (CBQCA) assay for free amines.

Injection of adenovirus into newborn mice

PCCA ™/~ mice were crossed to generate litters of mice with
PCCA ™/~ mice. Given that their genotypes would be deter-
mined only postmortem, all pups in the litters were injected
with the indicated vectors within the first 6 hr of birth. Injec-
tions were administered intraperitoneally at a dose of 2.5x 10’
to 5x10'° VP per neonate (VP/pup), as used by Shen and
colleagues (2001), in a volume of 20 ul, using a Hamilton gas-
tight 25-ul syringe and a 30-gauge needle. Mice were moni-
tored every 6 hr and as pups died they were removed from the
cage and their tails were snipped for genotyping. The re-
maining pups in the litter were killed at 7 days and their
tails were also snipped for genotyping. The genomic DNA
was isolated with a Qiagen DNeasy kit. PCRs were then
performed to detect the endogenous PCCA allele and the
PCCA knockout allele. Alternatively, the neonatal mice were
injected, with the same instruments and at the same time
points, via the intrahepatic route (Chandler and Venditti,
2008).

Imaging gene delivery in neonates

Pregnant outbred Cr:NIH(S) (NIH Swiss) mice were or-
dered from the NCI-Frederick Animal Production Area (Fre-
derick, MD) to arrive on day 12 of gestation (12 days after the
appearance of a vaginal plug). The resulting litters were in-
jected with 2.5x10° VP of Ad as described previously. The
pups were injected with 20 ul of p-luciferin (20 mg/ml in PBS)
and were placed in a Lumazone imager (MAG Biosystems/
Photometrics, Tucson, AZ) for imaging 24, 48, and 72 hr after
injection. All images were taken at a 1-min exposure and 1x1
binning.

Confocal microscopy for dsRed2 expression

Newborn ICR pups were injected with first-generation Ad-
dsRed?2 or PEG-Ad-dsRed? at a dose of 2.5x 10’ genomes per
pup on day 0. These pups were killed 72 hr postinjection and
frozen. To facilitate sectioning, the frozen animals were cut
in half with a razor on the sagittal plane and were then
embedded in O.C.T. cryostat embedding medium (Sakura
Finetek USA, Torrance, CA) and sectioned in a conventional
cryostat at a thickness of 20 um. Sections were mounted in
VECTASHIELD medium with 4,6-diamidino-2-phenylindole
(DAPI) (Vector Laboratories, Burlingame, CA) and immedi-
ately observed with a Zeiss Axiovert 100 M confocal micro-
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scope. Images were acquired and analyzed with LSM 510
version 4.0 software.

Graphing and statistics

Graphing, Kaplan—Meier survival, and statistical analysis
was performed with Prism statistical and graphing software
(GraphPad Software, San Diego, CA).

Results

Tissue tropism of unmodified and PEGylated
adenoviral vectors after intraperitoneal injection

PCCA~/~ mice are born alive, but die within 36 hr. Given
their small size, intraperitoneal injection is the simplest route
of vector administration. However, this route may not effi-
ciently transduce the liver, which is generally thought to be
the optimal target for gene therapy of metabolic diseases. We
showed that PEGylation of Ad5 vectors retargets these vec-
tors from the peritoneum to the liver after intraperitoneal in-
jection in adult mice (Hofherr et al., 2008). On the basis of this,
we tested whether the same strategy could be used to enable
simple intraperitoneal injection of newborn mice to apply
liver-directed gene therapy. When newborn ICR mice were
injected with 2.5x 10° VP of luciferase-expressing vectors, the
pattern of expression was similar to that observed in adults.
Unmodified Ad5 produced peritoneal expression whereas the
PEGylated vector retargeted expression from the peritoneum
to the liver as suggested by more restricted expression near
the forelimbs (Fig. 2). A mixture of 1.25x10° VP of Ad-CMV-
hPCCA and 1.25x10° VP of PEGylated Ad-CMV-hPCCA
generated an expression pattern throughout the abdomen.
Real-time PCR for viral genomes in the livers of the pups was
not feasible, because of the fragility of the livers of the animals.
Given similar levels of vector delivery to the liver by intra-
venous and intraperitoneal routes in adults (Hofherr et al.,
2008), these data suggest that intraperitoneal injection into the
newborn pups would likely deliver similar amounts of ade-
noviral vector to the liver compared with the more technically
demanding intravenous injection route.

Microscopy examination of transduction
after intraperitoneal injection

The luciferase imaging data suggested that unmodified
adenovirus transduces primarily in the peritoneum and that
PEGylation detargets this peritoneal transduction, allowing
the virus to more effectively transduce the liver. To more
closely examine the effects of PEGylation on tropism, neonatal
ICR mice were injected intraperitoneally with 2.5x10° VP of
Ad-CMV-dsRed?2 red fluorescent protein-expressing vectors.
Seventy-two hours after injection, the animals were killed and
the intact pups were frozen and then sectioned in the sagittal
plane. Confocal microscopy of the animals demonstrated that
unmodified Ad-dsRed generated bright dsRed expression on
the surfaces inside the peritoneum including segments of the
bowel, but gave undetectable transduction of liver (Fig. 3 and
data not shown). This was consistent with previous studies
that showed that adenovirus transduces the mesothelium
lining the organs of the peritoneum (Akiyama et al., 2004). In
contrast, PEGylated Ad-dsRed gave no observable red fluo-
rescence in the peritoneum, but generated detectable red
fluorescence in the liver parenchyma (Fig. 3). These data
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FIG. 2. Luciferase imaging of gene delivery in neonatal mice. ICR mice were injected within 6 hr of birth intraperitoneally
with 2.5x10° VP of unmodified or PEGylated AdLucIREShrGFP and luciferase activity was imaged 24, 48, and 72 hr after
injection, using a Lumazone imager. Shown are images of a representative pup with luciferase expression in pseudo-color
overlaid on the white light image “0” represents uninjected mice.

suggest that conjugation of 5-kDa PEG detargets adenovirus
from transduction in the peritoneum, allowing the virus to
transduce the parenchyma of the liver.

Extension of life span of PCCA knockout mice with Ad5

We hypothesized that injection of first-generation adeno-
virus expressing human PCCA cDNA under the control of the
CMV promoter (Ad-CMV-hPCCA) might extend survival of
PCCA /™ mice by expressing the gene in the peritoneum or
liver. To test this, 2.5x10° VP of Ad-CMV-hPCCA or Ad-
CMV-LacZ was injected intraperitoneally within 6 hr of birth

into litters from PCCA*/~ x PCCA™/~ }aarents. Injection of
either vector into PCCA™/* or PCCA*/~ mice had no dis-
cernable effect on their survival, because they normally sur-
vive (data not shown). Control PCCA~/~ mice receiving
Ad-CMV-LacZ died within 32hr of birth (Fig. 4A). In con-
trast, PCCA~/~ pups receiving Ad-CMV-hPCCA lived nearly
two times longer and their survival was significantly im-
proved as compared with Ad-CMV-LacZ-injected PCCA™/~
mice (p =0.0002).

Effects of PEGylated Ad5 on the life span of PCCA knock-
out mice. Given that adenoviral PEGylation retargeted the
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FIG. 3. DsRed microscopy of gene delivery in neonatal mice. ICR mice were injected intraperitoneally within 6 hr of birth
with 2.5x10° VP of unmodified or PEGylated Ad-DsRed. Seventy-two hours after injection the pups were frozen embedded
in O.C.T. and sectioned (thickness of sections, 20 um). Confocal images were taken after DAPI staining. Blue represents DAPI-

stained nuclei and red represents DsRed fluorescence.

vector to the liver, we hypothesized that this modification
might improve the rescue of PCCA~/~ mice by delivering the
PCCA gene to the site most relevant to metabolism. To test
this, 2.5x10° VP of PEGylated Ad-CMV-hPCCA was injected
intraperitoneally into litters from PCCA*/~ crosses and sur-
vival was assessed (Fig. 4A). In this case, PEGylated Ad-
CMV-hPCCA extended the life span of the PCCA ™/~ mice
compared with the Ad-CMV-LacZ control (Table 1). There
was, however, not a significant difference between the life
span of PCCA™/~ mice injected with unmodified or PEGy-
lated Ad-hPCCA (Table 1). Given the nonoverlapping ex-

pression patterns of adenovirus and PEGylated adenovirus,
we next tested whether mixing equal amounts of the two
vectors had any benefit. Injection of a mixture of 1.25x10° VP
of Ad-CMV-hPCCA and 1.25x10°VP of PEGylated Ad-
CMV-hPCCA generated a survival curve that was similar to
that generated by treatment with the two vectors alone (Fig.
4A). These data suggest that genetic correction with adeno-
viral vectors in either the peritoneum or the liver can tem-
per some of the toxicity associated with PCCA deficiency, but
that both are insufficient for long-term rescue of neonatal
animals.
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Effects of higher doses of adenovirus on PCCA~/~
neonate survival. We next tested whether an increased dose
of adenoviral vector would be more effective. Surprisingly,
intraperitoneal injection of 5x10'°VP of Ad-CMV-hPCCA
actually accelerated death among the PCCA ™/~ mice relative
to mice injected with 2.5x10° VP of Ad-CMV-LacZ (Fig. 4B).
Given that PEGylation of adenovirus markedly reduces
many of the dangerous side effects of the virus (thrombo-
cytopenia, innate immune responses) (Chillon et al., 1998;
O'Riordan et al., 1999; Croyle et al., 2001b; Mok et al., 2005),
we tested whether PEGylation could mitigate the toxicity
associated with injection of larger amounts of the virus. In-
jection of 5x10'°VP of PEGylated Ad-CMV-hPCCA pro-
duced a somewhat intermediate effect in the pups.
Approximately one-half of the injected PCCA™/~ neonates
appeared to die more rapidly, whereas the other half ap-
peared to have somewhat extended survival (Fig. 4B). Al-
though the survival curves were somewhat different in
appearance, the curves were not significantly different from
each other by log-rank test (Table 1). In contrast, the high-
dose adenovirus injection had no negative effects on the
survival of PCCA*/~ and PCCA™/* mice (data not shown),
suggesting that the high-dose vector injection was exacer-
bating PA toxicity.

Testing helper-dependent adenovirus for PCCA~/~
rescue. HD-Ad vectors have been shown to mediate sub-
stantially longer genetic correction in the livers of adult mice
in a number of models. Given this, we next tested two HD-Ad
vectors expressing hPCCA, one with ubiquitous expression
from the same CMYV cassette used in the first-generation ad-
enoviral vector Ad-CMV-hPCCA and a second expressing
hPCCA under the control of the liver-specific promoter from
the PEPCK promoter cassette (Mian ef al., 2004). Injection of
2.5x10° VP of HD-Ad-CMV-hPCCA generated survival no
better than that of LacZ-injected mice (Fig. 4C). In contrast,
injection of HD-Ad-PEPCK-hPCCA extended survival sig-
nificantly (Table 1), but almost all pups still died within 52 hr
of birth (Fig. 4C).

Testing PEGylated helper-dependent adenovirus for
PCCA~/~ rescue. Given that the PEPCK promoter restricts
PCCA expression mostly to the liver (Mian et al., 2004), these
data could suggest that the survival effects produced by
unmodified adenovirus after intraperitoneal injection are
mediated more by the small amount of virus that is deliv-
ered to the liver than it is by the bulk of transduction that
occurs in the peritoneum. However, the PEPCK promoter is
not absolutely specific for liver; it is also expressed in the
kidney, adipose tissue, small intestine, and mammary gland
(McGrane et al., 1990). It is therefore possible that some level
of rescue could be mediated by PCCA expression in the
intestine or other sites after intraperitoneal injection of un-
modified HD-Ad-PEPCK-hPCCA. To test this, neonatal mice
were injected with PEGylated HD-Ad-PEPCK-hPCCA,
which should apply both physical and transcriptional tar-
geting of PCCA expression to the liver. Under these condi-
tions, survival was similar to that of mice receiving other
treatments (Fig. 4C). However, PEGylated HD-Ad-PEPCK-
hPCCA did mediate the longest survival of any mice, with
mice surviving out to 70hr. These data suggest that the
combination of PEGylation and PEPCK transcriptional tar-
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geting may mediate better targeting of PCCA expression in
the liver.

Testing intrahepatic injection of PEGylated helper-
dependent adenovirus for PCCA™/~ rescue. One study
reported that intrahepatic injection of a first-generation Ad5
vector expressing the mut transgene was able to rescue
Mut ™/~ mice up to weaning (Chandler and Venditti, 2008).
These Mut /~ mice are commonly used as a neonatal lethal
methylmalonic acidemia (MMA) model. Because propionic
acidemia and MMA are diseases of the same metabolic path-
way (Fig. 1), it is possible that this same technique could
improve the efficacy of our intraperitoneally administered
therapy. However, when we administered our PEGylated
helper-dependent adenovirus HD-Ad-PEPCK-hPCCA intra-
hepatically, we saw no increase in efficacy of our treatment
(Fig. 4D). In fact, the mice died within 50 hr. These data sug-
gest that this mouse model of PA may be more severe, or more
difficult to treat, than the MMA mouse model.

Discussion

This work tested proof of principle for gene therapy of
propionic acidemia (PA). In this study, we have demonstrated
the feasibility of treatment in the stringent PCCA knockout
mouse model, using first-generation and helper-dependent
adenoviral vectors. These data suggest that similar gene
therapy approaches may have merit in humans as an alter-
native to liver transplantation.

Although some rescue was observed, we were unable to
extend the life spans of newborn pups beyond 70 hr with these
adenoviral vectors alone. We hypothesize that this short-term
rescue could be caused by several factors. The first factor may
simply be that peritoneal transduction by unmodified ade-
novirus and liver transduction by PEGylated adenovirus
simply may not produce sufficient levels of transgene prod-
ucts to rescue the animals. PCCA ™/~ mice with a liver-specific
PCCA covering transgene expressing 10-20% of wild-type
levels die before reaching 3 weeks of age (Miyazaki ef al.,
2001). In contrast, PCCA ™/~ mice with 50% of wild-type liver-
specific PCCA survive. These data suggest that any therapy
for PA may need to establish greater than 20% of wild-type
expression to rescue the deficiency.

Another factor that may make full rescue difficult is the
effect the mutation has on liver function and liver damage.
The predicted need for a 20 to 50% level of correction is based
on animals that are born with this level of PCCA expression.
In contrast, the PCCA ™/~ pups are born without any covering
transgene. At birth, PCCA ™/~ mice have a 500% increase in
serum propionyl-carnitine, indicating that they are born with
a burgeoning metabolic cascade (Miyazaki et al., 2001). Once
they nurse, catabolism of milk proteins produces substrates
for PCC that have no outlet. These substrates produce acidosis
and ketonuria within 10 hr of birth, causing the pups to stop
feeding and to become dehydrated. Therefore, the genetic
correction we aim to apply essentially must “chase” an al-
ready deteriorating metabolic catastrophe that is well un-
derway at birth.

Given that adenovirus is known to cause liver damage, it is
possible that the existing liver damage is exacerbated by ad-
enoviral liver damage, and this may temper the ability to
extend survival beyond 70hr. This speculation is consistent
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FIG. 4. Survival of PCCA~/~ neonatal mice. The litters from PCCA "/~ crosses were injected with the indicated vectors
within 6hr of birth and they were monitored for survival time. At 1 week, the remaining pups were killed and all were
genotyped. Kaplan-Meier survival curves are shown only for PCCA™/~ mice, because PCCA™/* and PCCA*/~ mice all
survived. (Note: Uninjected animals survived at a rate indistinguishable from that of Ad-LacZ-injected mice and are not
shown on the graph for clarity.) (A) Survival of mice receiving unmodified, PEGylated, and 50% unmodified plus 50%
PEGylated first-generation (Ad-CMV-hPCCA) vector at a total vector dose of 2.5x10° viral particles (VP) injected intra-
peritoneally. (B) Survival of mice receiving unmodified and PEGylated first-generation (Ad-CMV-hPCCA) vector at a vector
dose of 5x10'° VP injected intraperitoneally. (C) Survival of mice receiving unmodified helper-dependent vectors expressing
the hPCCA transgene under the control of the CMV promoter (HD-Ad-CMV-hPCCA) or the PEPCK promoter (HD-Ad-
CMV-hPCCA), and PEGylated HD-Ad-PEPCK-hPCCA (PEG-HD-Ad-PEPCK-hPCCA), all injected intraperitoneally at a dose
of 2.5x10°VP. (D) Survival of mice injected with PEG-HD-Ad-PEPCK-hPCCA either intraperitoneally (ip.) or in-
trahepatically (i.h.) at a dose of 2.5x10° VP. (E) Survival of mice receiving adeno-associated virus serotype 8 (AAV8-hPCCA)
intraperitoneally injected at a vector dose of 1.2 10'°VP. (A) through (E) all present the same group intraperitoneally injected
with 2.5x10° VP of Ad-CMV-LacZ, which serves as a nontherapeutic control vector. This group was indistinguishable in
terms of survival from the uninjected group (data not shown).
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FIG. 4. (Continued)

with our observation that high-dose Ad-hPCCA killed
PCCA ™/~ mice faster than even uninjected controls. This is
also consistent with work in rats with cirrhotic liver damage,
where adenovirus injection increased toxicity (Smith et al.,
2004 a,b).

In human patients, PA symptoms can be mitigated to some
degree by restricting protein intake and treating with drugs
such as carnitine to liberate CoA from propionyl-CoA to im-
prove metabolism. Ironically, testing these approaches in
neonatal mice is more difficult than in humans. For example,
it is challenging to attempt to restrict protein in the diet of a
neonatal mouse that can normally be fed only by nursing from
its mother. In one preliminary test, we treated the mothers of
PCCA mice with L-carnitine. However, this did not improve
survival alone or in combination with Ad-hPCCA (data not
shown). Another agent under consideration is Carbaglu
(N-carbamylglutamate), which blocks hyperammonemia. Pre-
liminary tests of intraperitoneal injection of carnitine, glucose,
and N-carbamylglutamate (to mitigate hyperammonemia)
into PCCA™/~ pups at birth produced only modest increases
in survival (data not shown). These data suggest that this
PCCA /= model is a quite stringent model for testing gene or
drug therapies for PA.

A second goal of this study was to determine whether
PEGylation of adenoviral vectors could assist in retargeting

the vector to the liver after intraperitoneal injection in neo-
natal mice. This was based on prior work from our group
(Hofherr et al., 2008) showing that intraperitoneal injection of
adenoviral vectors ablated for CAR binding detargeted the
virus from the peritoneum and increased liver transduction.
This, coupled with our work and that of other showing that
PEGylation blocks CAR-mediated transduction in vitro
(Ogawara et al., 2004, Mok et al., 2005), suggested that
PEGylation should retarget intraperitoneally injected virus.
This hypothesis appears to be accurate, because we observed
that PEGylated adenovirus mediated substantially reduced
expression in the peritoneum, and substantially increased ex-
pression in the liver as was observed in adult mice. Therefore,
PEG can be used to detarget adenovirus, at least from CAR
binding. It should be noted that in this study, we used small
(5kDa) PEG for shielding. It is likely that the use of larger or
more complex PEG molecules may also be able to detarget the
virus from other sites such as the liver. If this is the case, the
question will be whether PEG detargeting can then overcome
specific targeting.

Although PEG was able to retarget adenovirus to the liver
from the peritoneum, this retargeting did not mediate any
better protection than that produced by peritoneal transduc-
tion by unmodified adenovirus. This was surprising, because
the liver is the presumptive best site for gene therapy of a
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TaBLE 1. SURvIVAL CURVE DETAILS®
Route Number of knockouts Maximal Life  p Value of group vs.

Group Dose (x10° VP)  of injection per group Span Ad-CMV-LacZ (log rank)
Ad-CMV-LacZ 2.5 Intraperitoneal 11 32 NA
Ad-CMV-hPCCA 2.5 Intraperitoneal 11 53 0.0002
PEG-Ad-CMV-hPCCA 2.5 Intraperitoneal 7 56 0.0158

Combo Ad-CMV-hPCCA 1.25 Intraperitoneal 3 53 0.0051

+PEG-Ad-CMV-hPCCA 1.25

Ad-CMV-hPCCA (20x) 50 Intraperitoneal 6 24 0.0018
PEG-Ad-CMV-hPCCA (20x) 50 Intraperitoneal 7 48 0.4900
HD-Ad-CMV-hPCCA 2.5 Intraperitoneal 7 51 0.9940
HD-Ad-PEPCK-hPCCA 2.5 Intraperitoneal 5 70 0.0006
PEG-HD-Ad-PEPCK-hPCCA 2.5 Intraperitoneal 6 51 0.3436

IH PEG-HD-Ad-PEPCK-hPCCA 2.5 Intrahepatic 4 50 0.1339
AAVE-CMV-hPCCA 12 Intraperitoneal 3 42 0.0360

Abbreviation: NA, not applicable.

Listed are group numbers, maximal life spans, and p values for log-rank statistical analysis when each curve is compared with Ad-LacZ

injected intraperitoneally at a dose of 2.5x10° VP/pup.

metabolic disease such as PA. This lack of improvement may
again be explained by the problems of chasing an already
decaying metabolic catastrophe in the mice. Alternatively,
rescue by liver transduction by the PEGylated vector may be
hampered by the slower ramp-up of transgene expression
mediated by the modified vector. If this is the case, a combi-
nation of adenovirus and PEGylated adenovirus may actually
mediate better rescue by providing rapid phenotypic “cov-
erage” by peritoneal transduction followed by slower, but
more effective, coverage in the liver by the PEGylated vector.

One study described the therapeutic effect of a first-
generation adenoviral vector to treat a neonatal lethal mouse
model for methylmalonic acidemia (MMA) (Chandler and
Venditti, 2008). MMA is caused by a deficiency of methyl-
malonyl-CoA-mutase. This enzyme is used to convert me-
thylmalonyl-CoA into succinyl-CoA, and is found one step
epistatic to propionyl-CoA carboxylase (Fig. 1). Because the
reported phenotypes of the PA and MMA mice are so similar,
and the described study showed an effective treatment of the
MMA model to weaning, this intrahepatic injection technique
was tested in the PA mouse model. Unfortunately, in-
trahepatic injection was no better than other routes in the PA
mouse model.

Exactly why we observe this difference in efficacy in the
two models is unclear. There could be minor differences in
how the mice were generated, or it could reflect other meta-
bolic issues. It is of note that the PA mice were originally on a
mixed genetic background. To homogenize this background
to reduce intermouse variations, these PA mice were back-
crossed for six generations onto a C57BL/6 background.
During this process the phenotypes of the mice increased,
suggesting that the C57BL/6 background might be exacer-
bating the PA phenotype. Work is underway to explore the
effects of this genetic background on PA phenotype with and
without drug and gene therapy.

Given the short-term correction we have observed with
first-generation and helper-dependent adenoviral vectors, we
tested adeno-associated virus type 8 (AAVS) expressing
hPCCA. In a pilot test in four PCCA™/~ mice, injection of
5x10° VP of this alternative vector mediated slight increases

in survival, but all animals still died within 42hr (Fig. 4E).
These data suggest that the short-term correction may not be
due to vector deficiencies, but may be due to the underlying
disease or an already decaying phenotype in this model.

Although these approaches may afford some level of ge-
netic correction, they cannot repair the genetic defect over
long periods of time in these young animals because their cells
are rapidly dividing and will lose these episomal vectors.
Integrating vector systems such as lentiviruses may be useful
if insertional oncogenesis problems are circumvented. Repeat
adenoviral vector administration may extend correction, but
this may also provoke immune responses against adenovirus
that may temper future administration. PEGylation may have
utility for these repeat injections given its ability to at least
partially evade neutralizing antibodies against adenovirus
(O'Riordan et al., 1999; Croyle et al., 2001b). Alternately the use
of serotype switching may enable repeat dosing.
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