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Abstract

Propionic academia (PA) occurs because of mutations in the PCCA or PCCB genes encoding the two subunits
of propionyl-CoA carboxylase, a pivotal enzyme in the breakdown of certain amino acids and odd-chain fatty
acids. There is no cure for PA, but dietary protein restriction and liver transplantation can attenuate its
symptoms. We show here that a single intravenous injection of adeno-associated virus 2/8 (AAVS8) or AAVrh10
expressing PCCA into PA hypomorphic mice decreased systemic propionylcarnitine and methy] citrate for up to
1.5 years. However, long-term phenotypic correction was always better in male mice. AAV-mediated PCCA
expression was similar in most tissues in males and females at early time points and differed only in the liver.
Over 1.5 years, luciferase and PCCA expression remained elevated in cardiac tissue for both sexes. In contrast,
transgene expression in the liver and skeletal muscles of female, but not male, mice waned—suggesting that
these tissues were major sinks for systemic phenotypic correction. These data indicate that single systemic
intravenous therapy by AAV vectors can mediate long-term phenotype correction for PA. However, tissue-
specific loss of expression in females reduces efficacy when compared with males. Whether similar sex-biased

AAV effects occur in human gene therapy remains to be determined.

Introduction

ROPIONIC ACIDEMIA (PA) is an inborn error of metabo-
lism that results from mutations in the o or f# subunit of
propionyl-CoA carboxylase (PCC).! There are early- and
late-onset forms of disease, but symptoms generally manifest
shortly following birth with early acute symptoms, including
hyperammonemia, acidosis, and ketoacidosis, that can result
in death if not treated. Late-onset cases are very heteroge-
neous in their presentation and can present any time from the
first few months of life to adulthood. There are many chronic
conditions observed in PA patients such as failure to thrive,
seizures, immune deficiencies, and hypotonia; these are
generally worsened by normal levels of protein consumption,
infections, or periods of fasting, which can cause acute in-
stances of metabolic decompensation.>* Repeated episodes
of metabolic decompensation can result in neurological
dysfunction, coma, and in some cases death.
While it is unclear exactly how all PA-related complica-
tions manifest, they can arise directly from high levels of

circulating toxic compounds like propionic acid and ammo-
nia or from secondary effects such as inhibition of energy-
generating pathways like the Krebs’ cycle or oxidative
phosphorylation (OXPHOS) pathway by secondary metabo-
lites. Propionic acid by itself can cause neurocognitive defi-
cits like those observed in PA when this metabolite is injected
alone into normal rats.* Knowledge regarding the influence of
local accumulation of potentially toxic metabolites in af-
fected tissues is limited but growing.” It is thought that ele-
vations in propionyl-CoA and methyl citrate (MeCit) may be
linked to certain pathological mechanisms of disease (Fig. 1).
Propionyl-CoA is structurally similar to and competes with
acetyl-CoA as a substrate for some biochemical processes;
one example is the inhibition of pyruvate dehydrogenase,’
and another is formation of N-propionylglutamate by N-
acytelglutamate synthase, a compound that is implicated in
hyperammonemia.”® Propionyl-CoA also causes elevated
levels of odd-number long-chain fatty acids (primarily C15:0,
C17:0, and C17:1) as it acts as a primer for endogenous fatty
acid synthesis.” Finally, MeCit inhibits citrate synthase,
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FIG. 1. Propionic academia (PA)-relevant metabolite
pathways. Several relevant disease metabolites are discussed
in this article and summarized here. The three main sources
of propionyl-CoA are odd-chain fatty acids; the amino acids
valine, isoleucine, methionine, and threonine; and produc-
tion from gut bacteria. When deficiencies of the propionyl-
CoA carboxylase (PCC) enzyme (/) exist, propionyl-CoA
concentration in the mitochondria increases and is dealt with
in two ways. Addition of carnitine by carnitine acyl-
transferase I (2) to form propionylcarnitine allows export
across the mitochondrial membrane and eventually into the
circulation. Alternatively, propionyl-CoA is combined with
oxaloacetate by the action of citrate synthase to produce
methyl citrate (3). Both propionyl-CoA and methyl citrate
have been shown to cause inhibition of necessary energy-
generating processes on the mitochondria.

aconitase, isocitrate dehydrogenase, and phosphofructoki-
nase activity—enzymes that are involved in glycolysis and
the citric acid cycle.'” Long-term pathology leading to organ
failure in PA may be caused by OXPHOS inhibition, which
has been demonstrated in multiple postmortem studies.’

In many countries, PA is detected during newborn
screening by elevations in byproducts of disrupted PCC ac-
tivity. In particular, elevations in propionylcarnitine (C3) and
MeCit are diagnostic for PA."' When PA is detected early,
disease can be mediated by adopting a stringent protein-
restricted diet sometimes coupled with carnitine supplemen-
tation at 100-200 mg/kg per day.” Metronidazole is also given
at 1020 mg/kg per day either alone or alternating with other
antibiotics to reduce production of propionyl-CoA from gut
bacteria.” While this has been successful at mitigating the worst
symptoms of the disease in many g)atients and significantly
increasing growth at young ages,lz’1 no current treatments are
capable of curing PA, and patients often continue to experience
serious symptoms. Even with good dietary adherence, acute
metabolic decompensation occurs in response to infections or
other illnesses because of protein catabolism.'>'®

More recently, elective liver transplantation has been
performed in response to repeated episodes of metabolic
decompensation. While this invasive intervention can blunt
the worst metabolic issues in patients, PCC deficiency is
corrected only in the liver, and patients still have high levels
of propionic acid, propionyl-CoA, and MeCit.'”" This
likely occurs because liver transplantation does not account
for the cell autonomous nature of PA where every cell in the
body is deficient for PCC activity and could be producing
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these compounds. For example, orthotopic liver transplan-
tation appears able to halt the progression of cardiomyop-
athy and neurocognitive function decline in some patients,
but full recovery is not likely'*?%; additionally, their long-
term survival is 60—~70% with transplantation.>" At this point
it is unclear if these symptoms can be attributed to buildup
of circulating compounds such as propionyl-CoA and MeCit,
or if local production is the primary cause of pathology.

To explore other therapeutic ogtions, we developed a hy-
pomorphic model of PA in mice.?” These mice were gener-
ated on a PCCA null (Pcca™’~) mouse background that
normally die within 36 hr of birth.>® They were rescued by
transgenesis with a human ¢cDNA encoding PCC with an
A138T mutation identified in PA patients.24 These A138T
mice survive to adulthood, have 2% of normal PCCA activity,
and manifest many systemic and tissue-specific aspects of the
disease that are observed in PA patients.?

We previously showed that single intravenous injection of
first-generation adenovirus 5 or adeno-associated virus 2/8
(AAVS) vectors into the A138T mice at 5 or 10 weeks of
age mediated dramatic reductions in propionylcarnitine and
MeCit while improving weight gain on normal protein diets.”
However, phenotypic correction was lost as expected over 10
weeks after adenovirus therapy, but was stable after AAV8
therapy.

Given the efficacy of AAVS, we recently compared the
ability of this liver-biased vector with muscle-biased AAV1 and
more broadly tropic AAVrh10 vectors.”> A single intravenous
injection resulted in significant corrections of circulating pro-
pionylcarnitine and MeCit by all vectors. When the muscle bias
of AAV1 and the liver bias of AAV8 were made more specific
by the use of tissue-specific promoters, liver-restricted AAVS-
TTR-PCCAco mediated better correction than muscle-
restricted AAV1-MCK6-PCCAco. This study helped elucidate
two main points: (1) like liver transplantation, liver-restricted
AAVS therapy blunted, but did not ablate elevations in systemic
PA metabolites, suggesting that liver-targeted gene therapy may
be a viable and perhaps safer alternative to liver transplantation
for liver-specific PA therapy. (2) The study also demonstrated
that tissue-specific and tissue-biased gene therapy by AAV
vectors could only blunt certain phenotypes when the disease is
cell autonomous and not all cells are corrected. This finding
suggests that treatment of nonhepatic tissues, particularly
muscle, may provide a potential benefitin relieving some tissue-
specific pathology in the disease.

In this work, we explored the ability of AAV vectors to
express transgene in multiple tissues over time and to cor-
rect systemic PA symptoms over 1.5 years after single in-
jection. We have documented the effects of host sex on the
ability to mediate short- and long-term systemic metabolite
reduction and maintenance of transgene expression in var-
ious tissues. These findings will have implication in the
design of tissue-specific gene therapy for PA and possibly
other metabolic diseases.

Materials and Methods

Animals

All mice were housed in animal facilities at Mayo Clinic
and cared for by the department of comparative medicine
according to Assessment and Accreditation of Laboratory
Animal Care (AALAC) guidelines. All animal experiments
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were carried out according to the provisions of the PHS
Animal Welfare Policy, Animal Welfare Act, and the
principles of the NIH Guide for the Care and Use of La-
boratory Animals. The Mayo Clinic Institutional Animal
Care and Use Committee approved all procedures.

AAV vector production

All AAV vectors were produced by triple transfection of
HEK 293 cells as published previously.?**° Briefly, 293 cells
were transfected with pHelper, pR/C(Rep/Cap), and PCCA or
GFPLuc transgene plasmids. Cells were grown for 5 days in
serum-free DMEM containing antibiotics, after which time
NaCl was added to a final concentration of 0.5 M. After pel-
leting solid material the lysate was concentrated by tangential
flow filtration, purified by ultracentrifugation through an lo-
dixanol gradient, and further concentrated using Amicon
100 kDa MWCO filter units (EMD Millipore). Vector titers
were calculated by quantitative real-time PCR using SYBR
green master mix and primers for the CMV or PCCA region of
the vector DNA.

Vector administration

AAV vectors were diluted in PBS buffer to a concentration
that was injectable in a 100 ul volume. From 5x 10'*to 1 x 10"2
viral genomes (vg) were injected intravenously via the tail vein.

Blood analyte assays

Blood was obtained from mice via submandibular puncture
with a Goldenrod Lancet (MEDIpoint Inc.) and applied to
Whatman 903 Protein Saver cards (GE Healthcare). Punches
of blood-containing filter paper were then taken and assaged
by tandem mass spectrometry as previously published.''’

PCCA protein analysis

Tissues were removed from mice, rinsed thoroughly in
PBS, and flash-frozen after euthanasia by exsanguination.
Tissue pieces were then homogenized in T-PER buffer and
quantitated using a BCA protein quantitation kit (Pierce). An
amount of 50 ug of lysate was loaded into Mini-PROTEAN
TGX gels (Bio-Rad), electrophoresed, and blotted onto PVDF
membrane. The membrane was probed with custom-made
anti-PCCA antibody (ProteinTech).

PCC enzyme activity assay

Mouse livers were homogenized in lysis buffer (50 mM
Tris pH 8.0, 1 mM glutathione, 1 mM EDTA, protease in-
hibitor cocktail) and then spun at 15,000 rpm for 30 min.
Protein concentration was determined using the Lowry
method and 75 ug was used in the assay described grevi-
ously for radiometric determination of PCC activity.”

Luciferase imaging

Mice were imaged at indicated time points after injection
of 5x10'"" vg of AAV8-GFPLuc. Before imaging, animals
were anesthetized with a ketamine/xylezine injection, and
then given an intraperitoneal injection of D Luciferin. Ima-
ging was performed using a Kodak In Vivo F imaging system
for a period of 10min. Accumulation of total luminescence
was then overlaid on top of a brightfield image.
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Quantitative real-time PCR

Twenty-five days after injection with AAV8-PCCAco,
DNA was extracted from mouse liver samples using a Max-
well 16 system and Maxwell 16 Mouse Tail DNA Purification
kit (Promega). DNA was diluted and 10 ng per reaction was
used with TagMan qPCR primer probe sets (Life Technolo-
gies) specific for codon-optimized hPCCA and mouse Tfrc
gene present in two copies. Reactions were run in triplicate
and analyzed for ACt between the two genes.

Results

AAV treatment mediates sex-biased decreases
in systemic PA metabolites

To remain consistent with previous studies, Pcca™’~

(A138T) mice were treated with a single intravenous injection
by tail vein at 5 weeks of age. Single-stranded AAVS-
PCCAco vector expressing codon-optimized human PCCA
was administered at 5 different doses from 5x 10'to 1x 10"
vg into male or female mice. AAVrh10-PCCAco was also
administered at the two highest doses of 5x 10" and 1 x 10'?
vg per animal. Four weeks after injection, blood was collected
and analyzed by tandem mass spectrometry for elevations in
the two primary diagnostic metabolites for PA: propio-
nylcarnitine (C3) and MeCit (Fig. 1). All doses of both AAV
serotypes mediated significant decreases in both propio-
nylcarnitine and MeCit when compared with untreated
Pcca™’~ (A138T) mice (Fig. 2A and B). However, there was a
notable difference in the levels of PA metabolites in male and
female mice. In most cases, female mice were outliers with
the highest levels of propionylcarnitine and MeCit.

AAV enhances PCCA expression in multiple tissues

Transplantation or gene therapy for PA has focused on
correcting PCC deficiency in the liver. However, essentially
every cell in the body is affected by PCC deficiency, and so
the disease manifests in many tissues beyond the liver. To
determine the degree to which AAV vectors can affect PCCA
expression in different tissues, male and female mice were
injected intravenously with 5x10'" vg of AAV1, AAVS, or
AAV1h10 carrying PCCAco cDNA and were euthanized 4
weeks later. Western blots with PCCA antibody revealed
increased PCCA protein in the liver, heart, and skeletal
muscle by all AAV treatments, but little change in kidney,
pancreas, or brain (Fig. 3 and Supplementary Fig. S1A;
Supplementary Data are available online at www.liebertpub
.com/hum). At this 4-week time point, PCCA levels differed
between males and females only in the liver where quanti-
tative real-time PCR revealed slightly lower, but statistically
insignificant levels of AAV genome copies (Supplementary
Fig. S1B). In contrast, cardiac and skeletal muscle PCCA
expression was similar in male and female mice.

Long-term biochemical effects of single
AAV8-PCCAco therapy

Previous studies of AAV gene therapy for PA have re-
vealed significant reductions in PA markers in mice at early
time points.”****° To determine if single intravenous AAV
treatment could mediate long-lasting metabolite correction,
propionylcarnitine and MeCit levels were monitored in male
and female mice over 1.5 years after injection (Fig. 4). In
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FIG. 2. Dose-specific biomarker response to treatments.
Five-week-old Pcca™" " (A138T) mice were administered
indicated amounts of CMV-PCCAco expression vector
pseudotyped with either the AAV8 or AAVrhl0 capsid.
Four weeks after IV administration of indicated vector,
propionylcarnitine (A) and methyl citrate (B) levels were
assayed in the blood. Mouse gender was also indicated by a
closed circle for males or an open diamond for females.
Asterisks indicate statistical significance of the entire
treatment group compared with untreated Pcca™~ (A138T)
mice. ***¥p <(0.0001; **p <0.01. Error bars depict SEM.

untreated male or female Pcca™’~ (A138T) mice, propio-
nylcarnitine levels peaked at 13 weeks and then declined
over the 1.5-year period (Fig. 4A dashed lines). Although
AAV8-PCCAco therapy in males maintained low propio-
nylcarnitine levels over time, waning levels in untreated
males resulted in statistical significance only to 45 weeks.
Liver PCC enzyme activity in 1.5-year-old untreated male
and female mice revealed no differences (Supplementary
Fig. S2), suggesting that PCC activity did not vary between
the sexes over time. MeCit levels in untreated males also
decreased over time (Fig. 4B dashed black line), but in this
case the single AAVS-PCCAco treatment still resulted in
significantly lower MeCit levels when compared with un-
treated PA males (p<0.001 at 85 weeks by 7-test). AAVS-
PCCAco vector also reduced propionylcarnitine and MeCit
levels in the female mice through 13 weeks, but the level of
correction decreased by week 45 and was lost entirely by the
1.5-year time point (Fig. 4A and B).
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FIG. 3. Tissue expression pattern of AAV vectors. Five-
week-old mice of both genders were administered an IV
dose of 5x 10" vg of AAV1-, AAVS-, or AAVrh10-PCCA.
Twenty-five days after injection, mice were euthanized
along with age-matched wild-type and untreated Pcca ™/~
(A138T) male controls. An amount of 50 ug of protein ly-
sate for each indicated tissue was run on SDS-PAGE gel and
blotted to PVDF membrane. Blots were then probed with
anti-PCCA antibody and imaged.

Long-term expression of PCCA by AAV8 varies
by tissue type and gender

At the 1.5-year posttreatment time point, the study was
terminated and animals were euthanized. PCCA protein
expression levels in the heart, liver, and gastrocnemius were
measured by Western blot in three treated male and female
mice (Fig. 5A). PCCA expression remained high in the hearts
of both male and female animals. Expression in the liver and
gastrocnemius muscle remained high in male mice. In con-
trast, expression in liver and skeletal muscle was barely de-
tectable in treated female mice.

AAV8-PCCA elicits long-term increases in liver PCC
activity of male Pcca™'~ (A138T) mice

PCC enzyme activity was also assayed in the AAVS-
PCCAco-treated male mice 1.5 years after vector adminis-
tration (insufficient numbers of females were available for
these tests). Whereas untreated A138T mice had only 2% of
wild-type PCC activity, a single treatment with AAVS-
PCCAco increased PCC activity to 15% of wild-type levels
even at this late time point (Fig. 5B).

In vivo luciferase expression mimics PCCA expression

To confirm the tropism effect observed in AAVS-
PCCAco-treated mice, 5x 10" vg of AAVS expressing a
green fluorescent-luciferase fusion protein (AAV8-GFPLuc)
were injected intravenously into male and female Pcca ™"~
(A138T) mice. Twenty-five days later, luciferase imaging
revealed transgene expression in the skeletal muscle and
heart of both genders, but strong activity was only observed
in the livers of the male mice (Fig. 6A). This was consistent
with differential expression of PCCA in the livers of male
and female mice observed in Western blots (Fig. 3). Imaging
1.5 years after single AAV8-GFPLuc injection revealed
lower, but persistent luciferase activity primarily in the heart
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FIG. 4. Long-term PA metabolite monitoring. C3 (A) and
MeCit (B) were monitored in Pcca™’~ (A138T) mice for 1.5
years after injection of 5x 10" vg of AAV8-PCCAco. Age-
matched untreated animals are denoted by dashed lines, while
treated animals are denoted by solid lines. N=5 for each un-
treated and treated group. Asterisks (¥*p<0.05; **p<0.01 and
*##%p<0.001) indicate statistical significance between sex-
matched untreated and treated groups at indicated time points
(Student’s r-test). Error bars depict SEM.

and skeletal muscle of both male and female mice with little
detectable activity in the livers (Fig. 6B).

Discussion

This study demonstrates that AAV vectors are able to
provide sustained long-term expression of the PCCA protein
in Pcca™’~ (A138T) mice over 1.5 years after single intra-
venous treatment. This expression resulted in levels of PCC
activity that we believe are therapeutically relevant as de-
termined by reductions in the levels of circulating propio-
nylcarnitine and MeCit metabolites. Previous studies have
provided evidence that AAV-mediated transfer of PCCA
cDNA to Pcca-deficient mice mediates significant correc-
tion of circulating metabolite levels. However, these studies
demonstrated efficacy only at early time points.*****® This
work supports the ability of single AAV treatment to miti-
gate some PA phenotypes over the lifespan of mice.

Previous studies demonstrated that AAV vectors mediate
markedly different levels of liver transgene expression in
male and female mice.*'** Since transcription requires a
double-stranded DNA template, proteins cannot be expressed
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FIG. 5. Long-term protein and enzyme activity response
to AAV treatment. Pcca™’~(A138T) mice treated by IV
injection of 5x10'! vg of AAV8-PCCAco along with age-
matched wild type and untreated Pcca™’~ (A138T) male
controls were euthanized at 1.5 years after injection of the
treatment animals. (A) An amount of 50 ug of protein lysate
for each indicated tissue was run on SDS-PAGE gel and
blotted to PVDF membrane. Blots were then probed with
anti-PCCA antibody and/or neutravidin and imaged for
protein expression. (B) Liver PCC activity was measured in
male mice and compared with male wild type and untreated
Pcca™"™ (A138T) controls. *p<0.05 indicates statistical
significance compared with untreated Pcca™’~(A138T)
controls (one-way ANOVA). Error bars depict SEM.

directly from single-stranded AAV genomes. Therefore,
incoming single-stranded genomes must be converted to
double-stranded template by DNA repair mechanisms. Al-
ternately, an expressible double-stranded template can be
produced by hybridization of co-infected negative- and pos-
itive-strand AAV genomes. For this to occur, both must be
delivered into the same cell and this is generally only likely to
occur in tissues where many vector genomes are delivered.
Higher expression in males previously appeared to be
mediated by higher levels of androgens in male mice.*' The
observed higher expression in the livers of male mice was
attributed to increased second-strand DNA synthesis of the
AAV vector genome. In our studies, we observed no sig-
nificant difference in the amount of AAV vector genomes in
the livers of male and female mice by quantitative PCR
(Supplementary Fig. S1B). We speculate that the female
mice in our studies also have lower vector-mediated ex-
pression because of lack of androgens in female mice.
Previous studies comparing therapy in different sexes fo-
cused on relatively short-term expression of transgene pri-
marily in the liver.*'® Our observation of higher luciferase
expression and higher therapeutic PCCA protein expression in



FIG. 6.

In vivo luciferase imaging of vector expression.
Five-week-old Pcca™~(A138T) mice of both gender were
administered an IV dose of 5x 10" vg of AAV8-GFPLuc.
The mice were injected with luciferin and imaged for 10 min
at 21 days (A) and 1.5 years (B) after injection. Color
images available online at www.liebertpub.com/hum

the livers of male mice than in female mice agree with these
earlier studies. This study in the PA mouse model extends these
observations of differential expression between the sexes of
mice by examining expression in muscle tissue and liver over
substantially longer periods of time. While there was a large
difference in luciferase and PCCA expression in the livers of
male and female mice at 4 weeks, this effect was not observed
to the same degree in muscle tissues at this early time point.
This suggests that either we are providing a saturating dose of
AAV to muscle tissue, or transgene expression in muscle of
female mice is not attenuated in the same way the liver is.

GUENZEL ET AL.

The effect of sex on transgene expression was striking as
far as 18 months after single treatment. Female mice had
very little PCCA or luciferase expression in either the liver
or skeletal muscle. In contrast, cardiac tissue was not af-
fected by sex at early and late time points. There are several
possible explanations for this cardiac effect: (1) there may
be higher levels of co-transduction with both positive- and
negative-stranded genomes in this tissue in both sexes, al-
lowing for vector genome hybridization and expression; (2)
cardiac tissues may better preserve single-stranded AAV
vector genomes, allowing for better double-strand conver-
sion; (3) the heart may have a higher capacity to convert
single-stranded genomes to expressible double-stranded
versions; and (4) cardiomyocytes may have a longer lifespan
than hepatocytes,>® allowing more time and stability for
AAV vector expression.

This study also builds on earlier work to explore how sex-
biased transgene expression influences gene therapy. Four
weeks after therapy, we document lower therapeutic gene
expression in the liver of females, but not in other tissues.
Higher propionylcarnitine and MeCit levels paralleled lower
PCCA expression in the liver. This suggests that the liver is
indeed an important source for or a metabolic sink for PA
metabolites. This is consistent with our recent comparison
of liver-specific versus muscle-specific AAV therapy in PA
mice.” In this case, liver-targeted therapy mediated mark-
edly better control of metabolites in the blood than targeted
expression in muscle. While liver PCCA expression was
worse in females than in males after AAV therapy, the fe-
male mice still showed a therapeutic benefit from 1 to 45
weeks after treatment. This suggests that transgene expres-
sion beyond the liver also benefits the animals.

It is important to note that, regardless of the results in
female mice, male Pcca™’~ (A138T) mice retained signifi-
cant PCCA expression in the heart, liver, and skeletal
muscle throughout the entire 1.5-year duration of the ex-
periment. This represents the majority of the life span of a
mouse. Natural decreases in C3 and MeCit were observed in
untreated PA animals, which could be explained by the
normal waxing and waning of basal metabolic rate and food
consumption of the mice as they become mature and then
age over time. Another possibility is differences in the gut
microbiome of male and female PA mice. Not only is gut
bacteria a significant source of propionyl-CoA, but the mi-
crobiota has the ability to regulate androgens,*> which could
partially account for differential AAV expression as well. In
the study by Markle et al., the cecal contents of male non-
obese diabetic mice were actually able to prevent diabetes
onset in females.*® There has been little investigation into
the effects of microbiome on organic acidemias, but future
studies in this area may prove beneficial.

Both propionyl-CoA and MeCit have been directly linked to
inhibition of several biochemical processes thought to cause
pathology in PA patients.'**® Increased PCC protein levels
increased liver PCC enzyme activity and these corresponded
with decreased levels of circulating propionylcarnitine and
MeCit. The decreased levels of MeCit observed in male mice
were particularly encouraging as this metabolite has been di-
rectly linked to metabolic perturbations.”'°

It is notable that AAV-mediated PCCA expression per-
sisted in the heart of male and female mice even though it
waned in other tissues. PA patients frequently suffer cardiac
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symptoms, including cardiomyopathy and arrhythmias,” and
there is growing evidence that these complications arise as a
result of local OXPHOS complex inhibition in the cardiac
tissue.>*® Therefore, cardiac-specific treatment may be
necessary to address the cardiac aspects of PA disease in-
dependently of liver therapy. In addition, certain hypomor-
phic PCC mutations do not have neonatal onset, but instead
manifest as cardiac events in adults.>® For example, a
founder A1606G mutation in Pccb is observed in Amish and
Mennonite populations (mutation identified in Ref.*’). PCC
enzyme with Pcch A1606G retains significant enzyme ac-
tivity, and so neonatal presentation is infrequent, but ap-
proximately 25% of patients with this mutation develop
heart failure, usually secondary to respiratory infections.*!

While AAV vectors have become favored for many
in vivo gene therapy applications, there have been obser-
vations of tumor formation in AAV-treated mice.**** These
tumors are thought to be because of preferential integration
of transgene near transcriptionally active regions.***> More
recently, liver cancers have been observed after neonatal
AAVS treatment of mouse models of methylmalonic acid-
emia (MMA).46 This is concerning as the MMA results from
mutations in the enzyme methylmalonyl CoA mutase, the
metabolic step immediately after PCC. In our studies, no in-
creases in liver tumors were observed in any treated mice
when compared with controls (data not shown). However, this
was not a central experimental focus of these studies. This
difference in tumor observation could be because of intrinsic
differences in MMA and PA. Alternately, this difference is
perhaps more likely because of differences in the age of AAV
treatment in the MMA studies and ours in the PA mice. In the
MMA studies, neonatal mice were injected intrahepatically
with AAVS8 early after birth at a time when their immune
systems were barely functional. In contrast, we treated PA
mice 5 weeks after birth by the intravenous route at a time
when the animals’ immune systems are better developed. We
speculate that tumor formation in MMA mice may be am-
plified by reduced immune monitoring for neoplasia because
of their age of treatment. Regardless, observations of this
troubling side effect will require more stringent safety testing
with AAV vectors prior to use in humans.

This study demonstrates that a single systemic injection
with AAV vectors can mediate long-term phenotype cor-
rection in an animal model of PA. This supports translation
of AAV vectors for systemic therapy of PA in humans.
While robust, long-lasting efficacy was observed in male
mice, tissue-specific loss of expression in females reduced
the persistence and level of therapy in these mice. Whether
AAV vectors mediate similar sex-biased effects in humans
remains to be determined. The observation that AAV can
mediate persistent PCCA expression in the hearts of both
male and female mice suggests that this gene therapy may
also be a viable option to prevent or treat cardiac phenotypes
associated with early-onset or late-onset PA.
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