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Methylmalonic acidemia (MMA) is a severe metabolic disorder
most commonly caused by a mutation in the methylmalonyl-
CoA mutase (MMUT) gene. Patients with MMA experience
multisystemic disease manifestations and remain at risk for
neurological disease progression, even after liver transplanta-
tion. Therefore, delivery of MMUT to the central nervous sys-
tem (CNS) may provide patients with neuroprotection and,
perhaps, therapeutic benefits. To specifically target the brain,
we developed a neurotropic PHP.eB vector that used a CaMKII
neuro-specific promoter to restrict the expression of the
MMUT transgene in the neuraxis and delivered the adeno-asso-
ciated virus (AAV) to mice with MMA. The PHP.eB vector
transduced cells in multiple brain regions, including the stria-
tum, and enabled high levels of expression of MMUT in the
basal ganglia. Following the CNS-specific correction of
MMUT expression, disease-related metabolites methylmalonic
acid and 2-methylcitrate were significantly (p < 0.02) decreased
in serum of treated MMAmice. Our results show that targeting
MMUT expression to the CNS using a neurotropic capsid can
decrease the circulating metabolite load in MMA and further
highlight the benefit of extrahepatic correction for disorders
of organic acid metabolism.

INTRODUCTION
Methylmalonic acidemia (MMA) is a heterogenous genetic disorder
most commonly caused by a mutation in the methylmalonyl-CoA
mutase (MMUT) gene, which codes for the ubiquitously expressed
mitochondrial enzyme methylmalonyl-CoA mutase.1 MMUT, with
its cofactor 50deoxyadenosylcobalamin (a form of vitamin B12), plays
a key role in catabolism of branched-chain amino acids, odd-chain
fatty acids, propionate, and cholesterol. Loss of function of MMUT
results in the accumulation of metabolic intermediates that cause a
range of phenotypes, with the most severe subtype associated with
a neonatal presentation of encephalopathy, metabolic acidosis, and
death, if not promptly treated.1 The recalcitrant nature of the recur-
rent metabolic instability experienced by patients, and the associated
mortality and morbidity, has led to liver transplantation and, in par-
allel, the development of liver-targeted genomic therapies as possible
alternatives to solid organ transplantation.2–5
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Despite the efficacy of successful liver transplantation in the correc-
tion of the metabolic instability that characterizes MMA, some pa-
tients have experienced metabolic strokes in the basal ganglia after
transplantation.6 The stroke syndrome follows a typical course,
with bilateral infarcts observed in the globus pallidus and striatum,
highlighting the importance of these regions as a target for a gene
therapy.7,8 Therefore, for gene delivery ofMMUT to be most effective,
targeting of the central nervous system (CNS) may be required in
addition to targeting of the liver.8,9

Some adeno-associated viruses (AAVs), such as AAV9, can penetrate
the CNS after systemic delivery and widely transduce neurons, which
has enabled the development of gene therapy for disorders previously
considered untreatable, such as spinal muscular atrophy type 1.10

However, improving the delivery of therapeutic transgenes to the
CNS to achieve persistent expression remains a fundamental chal-
lenge for AAV gene therapy and for MMA in particular, given that
extra-hepatic disease progression can occur after liver transplanta-
tion.4,11 Systemic delivery of an AAV vector that can cross the
blood-brain barrier and then transduce a wide variety of cell types
in the CNS has several advantages over other injection routes such
as intrathecal delivery, such as more widespread transduction of cells
throughout the body as well as the neuroaxis. Most gene therapies for
MMA target the liver, a key site of metabolism that most wild-type
(WT) AAV capsids readily transduce at high levels.5 By using a capsid
and promoter that, in combination, can specifically transduce the
CNS and not the liver, we hope to address whether there is a benefit
of “full-body therapy” or therapy that includes non-hepatic tissues.

As a first step toward in the development of a vector to restore CNS
expression of MMUT, we explored the cellular expression pattern of
endogenous Mmut mRNA to understand the targets for transduction
and tested a variety of AAV9 or PHP.eB reporter vectors for CNS
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Figure 1. Native Mmut expression

(A) RNA in situ hybridization of native Mmut RNA in an

untreated Mmut+/ mouse brain shown at 100 magnifica-

tion. Shownby region in a sagittal section ofmouse brain (A

Hippocapmus; B Cerebrum; C Straitum; D Thalamus; E

Cerebellum; F Pons; G Hippocapmus). Punctate, intra-

cytoplasmic staining was observed distributed throughout

all regions in cells morphologically consistent with neurons.

(B) RNA in situ hybridization showed expression of native

Mmut throughout the brain (n = 1). (C) Survey of non-CNS

tissues showed native expression highest in the liver and

kidneys (n = 1; refer to Figure S2 for images).
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tropism in a mouse model of juvenile MMA.12 Of note, Mmut�/�;
TgINS-MCK-Mmut mice lack Mmut expression in the CNS but are viable
by virtue of expression of a rescue transgene in the skeletal muscle and
recapitulate the increased mortality, growth retardation, metabolic
fragility, and hepatorenal pathology seen in patients with MMA. We
then prepared a therapeutic PHP.eB vector to express MMUT under
the control of the neuro-specific CaMKII promoter and delivered via
the systemic circulation toMmut�/�;TgINS-MCK-Mmutmice. Transgene
expression in the brain was noted, specifically in the striatum and
choroid plexus, two important targets for expression of MMUT,
with an accompanying improvement in the levels of pathometabolites
in the treated mutant mice. Our results support the suggestion that tar-
geting both hepatic and extra-hepatic tissues, including the CNS, may
be beneficial for the treatment of MMA, a disease which displays con-
ditional cell autonomous pathophysiology.13

RESULTS
Endogenous Mmut expression and reporter transduction and

expression in the CNS

The native Mmut expression in tissues of WT mouse was first sur-
veyed to identify relative expression throughout various tissue and
766 Molecular Therapy: Methods & Clinical Development Vol. 21 June 2021
cell types. We collected brain, liver, kidney,
heart, and skeletal muscle from an untreated
phenotypically WT heterozygous Mmut+/�

mouse at weaning. RNA in situ hybridization
showed expression of native Mmut (Figures 1
and 5) in all brain regions investigated,
including the striatum, choroid plexus, hippo-
campus, midbrain, pons, thalamus, and cerebral
cortex. The staining was observed to be intracel-
lular, with diffuse cytosolic punctation. A sur-
vey of non-CNS tissues showed native Mmut
expression highest in the kidneys and liver,
with lower levels present in the skeletal muscle
and cardiac muscle, consistent with Mmut pro-
tein assays from previous studies (Figure 1C
and S2).14

We then used AAV reporter vectors to
investigate CNS transduction and to guide
design of a therapeutic vector. Neonatal
Mmut�/�;TgINS-MCK-Mmut mice and Mmut+/� littermates were in-
jected with EGFP reporter AAV vectors (Table 1) on day-of-life
(DOL) 0 via the retro-orbital sinus at a dose of 1e11 GC (genome
copies)/pup, and tissue was collected on day 21. AAV transduction
was quantified by EGFP expression in select brain regions, including
the cerebrum, cerebellum, striatum, choroid plexus, hippocampus,
thalamus, hypothalamus, and pons (Figure 2). Expression of EGFP af-
ter treatment with reporter vectors was variable between PHP.eB and
AAV9 serotypes (Figure 3), and comparison of EGFP expression
across brain regions revealed global transduction that was most pro-
nounced in the choroid plexus (p = 0.0071, n = 3) (Figure 3F). Brain
tissue from a separate cohort of mice, treated in an identical fashion,
was co-stained for green fluorescent protein (GFP) and the neuronal
marker NeuN. The PHP.eB and AAV9 vectors also directed transgene
expression of GFP in the striatum, in cells that co-stained with the
neuronal marker NeuN (Figure 3D). In the cerebellum and choroid
plexus, numerous overlapping NeuN+ cells skewed analyses based
on the percent of NeuN+ cells that were also GFP+ and therefore
were excluded from direct comparison with other regions (Figures
3G and S1). In regions where cell architecture is such that many neu-
rons appear to overlap in the visual field, such as the hippocampus



Table 1. AAV vectors

Vector name Capsid Promoter Transgene Other

AAV9-CBA-GFP AAV9 CBA GFP CMV, WPRE

AAV9-CaMKII-GFP AAV9 CaMKII GFP NA

PHP.eB-CBA-GFP PHP.eB CBA GFP CMV

PHP.eB-CaMKII-GFP PHP.eB CaMKII GFP NA

PHP.eB-CaMKII-MMUT PHP.eB CaMKII MMUT NA

Listed as capsid-promoter-transgene. PHP.eB-CaMKII-MMUT is the therapeutic vec-
tor; all others are reporter vectors carrying a GFP transgene. CaMKII, Ca2+/calmod-
ulin-dependent protein kinase; CBA, chicken beta-actin; GFP, green fluorescent protein;
WPRE, woodchuck hepatitis virus posttranscriptional regulatory element; CMV, cyto-
megalovirus enhancer; NA, not applicable.
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and cerebellum, NeuN+ cells appear to stain a brighter red color.
There was no significant effect of genotype on distribution of
GFP+/NeuN+ cells (p = 0.8441, Mmut�/�;TgINS-MCK-Mmut mice
versus Mmut+/� controls).

AAV delivery of MMUT transgene in a murine model of MMA:

biodistribution, expression, and metabolic effects

Based on favorable CNS transduction by the CaMKII-GFP vectors
and alignment with endogenous Mmut expression, a PHP.eB-CaM-
KII-MMUT vector (Table 1) was prepared and used to treat
Mmut�/�;TgINS-MCK-Mmut mice orMmut+/� littermates at DOL 0 us-
ing the same dose and route as reporter vectors (retro-orbital
injection of 1e11 GC/pup).

In Mmut�/�;TgINS-MCK-Mmut mice that were treated with PHP.eB-
CaMKII-MMUT, exploratory RNA in situ hybridization studies
demonstrated exogenous AAV-delivered MMUT expression in all
brain regions assessed (Figure 4). Choroid plexus studies were limited
because only a single stained slide section from each cohort retained
adequate tissue from this region for analysis (Figure 5).MMUT expres-
sion appeared most pronounced in the ventral regions of the brain,
including the ventral striatum and hypothalamus (Figures 4 and 6).
No MMUT RNA expression was detected in PHP.eB-CaMKII-
MMUT-treated liver tissue (Figures 6 and S2). The viral genome
copy number ofmice treated with PHP.eB-CaMKII-MMUT (Figure 6)
was observed by ddPCR digital droplet PCR in both liver and brain tis-
sue. The genome copy number in the brain and liver was variable but
not statistically different between tissues or genotypes (p = 0.7262, n =
4 each group).

At the cellular level, MMUT RNA staining in the brain of PHP.eB-
CaMKII-MMUT-treated Mmut�/�;TgINS-MCK-Mmut mice was intra-
cytoplasmic, punctate, and appeared in a similar regional distribu-
tion as the endogenous Mmut in Mmut+/� mice. Some of the
AAV-transduced cell staining appeared as aggregates. Cells were
morphologically consistent with neurons (Figures 4 and 5). We
used the H-score semiquantitative scoring method for stain mea-
surement instead of DAB 3,30-Diaminobenzidine staining, which
counts individual points and therefore would inaccurately assess
aggregate staining.
Molecul
Mmut�/�;TgINS-MCK-Mmut mice had significantly lower body mass
compared to phenotypically WT Mmut+/� littermates (Figure S2),
as reported in previous studies with this transgenic mouse model.15

Total body mass in PHP.eB-CaMKII-MMUT-treated Mmut�/�;
TgINS-MCK-Mmut mice was not significantly different compared to
MMA GFP reporter controls.

Plasma concentrations of disease-related metabolites, methylmalonic
acid and total 2-methylcitrate (MC), were measured in both
Mmut�/�;TgINS-MCK-Mmut mice andMmut+/� littermates after thera-
peutic or reporter AAV treatment on DOL 21, when a necropsy was
performed. Compared to untreated Mmut�/�;TgINS-MCK-Mmut mice,
PHP.eB-CaMKII-MMUT-treated mutant mice had significant de-
creases in methylmalonic acid and MC but did not achieve normal
levels. The plasma levels of 2-methylcitrate isoform II (MCII) were
significantly decreased in MMUT-treated Mmut�/�;TgINS-MCK-Mmut

mice compared to controls, while 2-methylcitrate isoform I (MCI)
was not. Interestingly, the ratio of MCI to MCII was decreased in
MMUT-treated Mmut�/�;TgINS-MCK-Mmut mice compared to those
who were treated with a GFP reporter (Figures 7 and S3). Whole-
brain tissue was mechanically homogenized, and levels of metabolites
were measured in the same manner. Mmut�/�;TgINS-MCK-Mmut mice
had significantly higher levels of both methylmalonic acid and 2-MC
compared toMmut+/� littermates regardless of treatment group. Un-
like the systemic metabolite levels, in the brain homogenate metabo-
lite measurements there was no significant decrease in methylmalonic
acid or 2-MC seen when comparingMMUT-treated to GFP-reporter-
treated MMA mice. No difference in the ratio of MCI/MCII was
observed when comparing across genotype and treatment group.

In this same cohort of mice, MMUT protein expression in brain deep
gray matter and liver was surveyed. Immunoblotting demonstrated
ample MMUT protein in the brains, but not the livers, of Mmut�/�;
TgINS-MCK-Mmut mice treated with PHP.eB-CaMKII-MMUT, which
was expected because the vector contains the neuro-specific CaMKII
promoter. No MMUT protein expression was seen in reporter GFP-
treatedMmut�/�;TgINS-MCK-Mmut mice because these animals do not
express endogenous Mmut protein in the brain or liver. In reporter
GFP-treatedMmut+/� littermates, endogenous Mmut was readily de-
tected by western blot in both brain and liver (Figure 9).

DISCUSSION
Disease-related manifestations related to MMA, such as metabolic
stroke of the basal ganglia, have been reported in patients even after
successful liver transplant, leading us to hypothesize that in addition
to treatment directed at the liver, patients may derive additional
benefit from gene delivery to extra-hepatic tissues such as the CNS.
We therefore designed an AAV gene therapy vector using a neuro-
tropic capsid, PHP.eB, and a neuro-specific promoter, CaMKII, to
direct CNS-specific expression of MMUT.

We first explored the expression of native Mmut using RNA in situ
hybridization in a mouse with WT Mmut (Figure 1). Mmut RNA
expression appeared to be highest in liver, kidney, and heart. Skeletal
ar Therapy: Methods & Clinical Development Vol. 21 June 2021 767
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Figure 2. GFP fluorescence in the Mmut–/–;TgINS-MCK-Mmut mouse brain

Mice were treated DOL 0 with retro-orbital injection of PHP.eB-CBA-GFP at 1e11 GC/mouse, and tissue was collected DOL 21. Cells in the hippocampus, cerebrum,

cerebellum, and comprising the choroid plexus display strong signal shown at 100� magnification.
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muscle and brain had comparable levels of expression, and all brain
regions assessed had native Mmut expression (Figure 1B). These
RNA in situ hybridization studies are consistent with the known
expression patterns of methylmalonyl-CoA mutase and its mRNA
in mice and humans.16–18 In the rat brain, methylmalonyl-CoA
mutase expression may be restricted to neuronal cells and may be
increased in the CNS early in neurodevelopment to levels even higher
than expression levels in liver.19 Therefore, if MMUT expression is
likewise mainly in neuronal cells in humans and increased in early
development, neuro-targeted MMUT correction in the neonatal
period may be especially critical in MMA.

To assess the ability of a therapeutic vector to target brain regions
with known Mmut expression, we performed reporter studies with
vectors combining CNS-tropic AAV capsids with a promoter that re-
stricts expression to the CNS. For AAV capsids, we chose to use
AAV9 and PHP.eB. AAV9 is a capsid with strong tropism to the
CNS, among other tissues, that has been extensively studied and is
already US Food and Drug Administration (FDA) approved for treat-
ment of spinal muscular atrophy.20 PHP.eB is an engineered AAV
capsid related to PHP.B that has shown remarkable propensity to
transduce the CNS of certain mouse strains when administered sys-
temically, more efficiently than any known WT AAV, including
AAV9.21,22 The CaMKII promoter is a well-characterized neuro-spe-
768 Molecular Therapy: Methods & Clinical Development Vol. 21 June 2
cific promoter, which has been used in an AAV9 vector that improved
the lifespan of mice with Niemann-Pick disease, type C1.10 Other
neurotropic promoters such as the synapsin promoter and methyl-
CpG-binding protein-2 (MeCP2) promoter were also considered,
but CaMKII was chosen due to its relatively higher levels of neuraxis
expression and proven efficacy in a severe neurodegenerative mouse
model.23,24 The chicken beta-actin (CBA) promoter, commonly used
in AAV proof-of-concept vectors, drives ubiquitous gene expression
and was selected as a comparator.24,25 Immunohistochemistry of
EGFP expression from reporter vectors demonstrated variable perfor-
mance between capsid serotypes, with relatively high transduction of
the choroid plexus (Figures 2 and 3). As a key site of small-molecule
transport and metabolism between the brain parenchyma and the ce-
rebrospinal fluid (CSF), targeting the choroid plexus could, in theory,
assist in reduction of toxic metabolite accumulation in the CNS,
which is thought to contribute to neurological disease in MMA.
Of note, the tropism demonstrated by reporter vectors showed no sta-
tistically significant difference in transduction between Mmut�/�;
TgINS-MCK-Mmut mice and Mmut+/� littermates (Figure 3).

Based on the successful transduction of the CNS using reporter AAV
vectors, a therapeutic vector was created using a PHP.eB capsid with
the neuro-specific CaMKII promoter driving expression of MMUT.
The neuro-specificity of the promoter was designed to allow us to
021



Figure 3. EGFP-reporter-treated mice

Hippocampus of a Mmut+/� mouse treated on DOL 1 with AAV9-CBA-GFP at 100� magnification (A–C). Cells are stained with nuclear DAPI+ stain in blue (all images),

NeuN+ stain in red (A), GFP+ stain in green (B), and all three stains overlaid appear yellow-green (white arrow) (C). Following retro-orbital injection of PHP.eB-CBA-GFP of

mice on DOL 0, the striatum (D) and choroid plexus (E) of anMmut�/�;TgINS-MCK-Mmutmice, labeled MMA, at 200�magnification show strong GFP fluorescence in neuronal

cells. (F) H-score of GFP positivity in MMAmice treated with PHP.eB-CBA-GFP reporter vector (p = 0.0071, n = 3). (G) Percent co-positivity of NeuN and GFP by brain region

in Mmut+/� mice, labeled HET, or Mmut�/�;TgINS-MCK-Mmut mice treated with PHP.eB-CaMKII-GFP. No significant difference was found for any region when stratified by

genotype (p = 0.8441, Mmut�/�;TgINS-MCK-Mmut mice [n = 4] versus Mmut+/� controls [n = 4]).
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Figure 4. RNA in situ hybridization in the brain of Mmut–/–;TgINS-MCK-Mmut mice treated with PHP.eB-CaMKII-MMUT

Probe targetingMMUTRNAwas quantified by region in a sagittal section of mouse brain, shown at 100�magnification. Mice were treated DOL 0with retro-orbital injection of

PHP.eB-CaMKII-MMUT at a dose of 1e11 GC/mouse, and tissue was collected DOL 21. Large aggregate staining was observed most commonly along with punctate;

cytosolic staining was observed.
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investigate the effect of isolated CNS delivery of theMMUT transgene
in a murine MMA model. In Mmut�/�;TgINS-MCK-Mmut mice that
were treated with PHP.eB-CaMKII-MMUT, ddPCR showed that
viral genome copies were present in liver and brain tissue of both con-
trol and mutant mice (Figure 6). RNA in situ hybridization studies
Figure 5. Native Mmut RNA expression compared to delivered MMUT in the ch

Native Mmut had high levels of diffuse, punctate expression in the choroid plexus of u

bridization at 200�magnification. UntreatedMmut�/�;TgINS-MCK-Mmutmice show no na

at birth, Mmut�/�;TgINS-MCK-Mmut mice show limited expression of MMUT in the choroi

plexus tissue from a single mouse was adequately retained on prepared slides.
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demonstrated MMUT expression in all regions of the brain assessed
(Figures 4 and 6). As the site of highest expression of endogenous
Mmut and a major site of AAV transduction, any off-target MMUT
expression would be expected to be observed in liver tissue; however,
no MMUT expression was observed by RNA in situ hybridization or
oroid plexus

ntreated Mmut+/� age-matched control mice (A) shown by Mmut RNA in situ hy-

tiveMmut expression (not shown). Following treatment with PHP.eB-CaMKII-MMUT

d plexus (B). The brown staining represents MMUT transgene expression. Choroid

021



Figure 6. Biodistribution and expression

(A) Viral genome copy number. Ratio of copy number of

MMUT/Gapdh DNA in Mmut+/�, labeled HET, or

Mmut�/�;TgINS-MCK-Mmut mice, labeled MMA, were

treated with 1e11 GC/mouse of PHP.eB-CaMKII-MMUT

therapeutic vector on DOL 1 (n = 4 each group). Whole-

brain and liver tissue were collected on DOL 21. Average

number of genome copies per cell was determined from

ddPCR of tissue homogenate by normalizing amplified

counts for a probe specific for MMUT, present in viral

genomic episomes, to counts of Gapdh. (B) RNA in situ

hybridization. H-score quantification of MMUT mRNA

stained using RNA in situ hybridization in brain tissue of

PHP.eB-CaMKII-MMUT-treated Mmut�/�;TgINS-MCK-

Mmut mice collected DOL 21 (n = 2). (C) Mmut expression

in untreated liver. Endogenous Mmut mRNA is highly

expressed in liver tissue, shown here at 100� magnifi-

cation following staining of Mmut by RNA in situ hybridi-

zation in an untreated Mmut+/� mouse. (D) MMUT

expression in treated liver. NoMMUTmRNA staining was

present in liver tissue of PHP.eB-CaMKII-MMUT-treated

Mmut�/�;TgINS-MCK-Mmut mice.
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by western blotting studies (Figures 6 and 7). Adequate choroid
plexus tissue for analysis was only retained on stained slides for one
mouse from each cohort and demonstrated high levels of endogenous
Mmut expression and successful transduction of exogenous MMUT
when visualized (Figure 5). There was pronouncedMMUT transgene
expression in the ventral regions of the brain, including the ventral
striatum and hypothalamus (Figures 4 and 6). The staining patterns
included both punctate and aggregate staining in some regions. The
observed variability in staining between regions, seen even within a
single brain, was not seen in positive control slides, so it is more likely
to reflect true variability in MMUT expression rather than being
attributed as an artifact of the stain. In the PHP.eB-CaMKII-
MMUT-treated Mmut�/�;TgINS-MCK-Mmut mice, western blot of
deep gray matter brain tissue demonstrated presence of MMUT,
which was readily detected but present at lower levels than native
MMUT expression inMmut+/�mice (Figure 7). No off-target expres-
sion of MMUT by the CaMKII promoter was detected in the livers of
treated MMA mice, and, further, no Mmut protein expression was
detected in the livers of untreated Mmut�/�;TgINS-MCK-Mmut mice
(Figure 6). These results are consistent with restriction of MMUT
expression by CaMKII promoter to the CNS and further demonstrate
that systemic AAV vector delivery can efficiently transduce the basal
ganglia, resulting in MMUT expression in a region of the brain sus-
ceptible to metabolic strokes in MMA.

Mmut�/�;TgINS-MCK-Mmut mice treated with the therapeutic
PHP.eB-CaMKII-MMUT vector also had reduced levels of the serum
pathometabolites, methylmalonic acid and MC, when compared to
Molecular Therapy: Methods &
age-matched Mmut+/� littermates 3 weeks
post-treatment (Figure 8) The relative reduction
of these metabolite levels in the systemic circula-
tion was surprising, given that in our study ther-
apeutic MMUT expression was limited to the CNS. Methylmalonic
acid and MC are known to be elevated in both CSF and serum of pa-
tients with MMA.1,26,27 In an earlier study characterizing Mmut
knockout mice, MC was found to be elevated in the affected mice in
all fluids and tissues examined.15 Additionally, the levels of both me-
tabolites tend to be more elevated in the CSF (brain tissue) than
plasma.27 The ratio of the stereoisomer MCI to MCII was shown to
increase more in the brain compared to the periphery as the illness
progressed in the Mmut knockout mice, although this phenomenon
has not been well studied.15,26,27 While the nature of exchange of
the metabolites, MC and methylmalonic acid, between the CSF and
blood is not fully understood, one hypothesis proposes that metabo-
lites produced in the CNS become trapped in CNS parenchyma
and/or CSF due to a limitation of dicarboxylic acid transport at the
blood-brain barrier.28–31 In our studies, the ratio of MCI/MCII was
decreased in the periphery of the treated MMA mice, consistent
with the effects of CNS correction. We measured disease-related
metabolite levels in whole-brain tissue homogenate but did not see
the same reduction we observed in serum levels (Figures 8 and 9). It
is possible that despite corrected CNS expression of MMUT, blood-
brain barrier transport has a larger overall effect on distribution of me-
tabolites, so that intraparenchymal elevation of metabolites persists
while systemically a decrease is observed. Additional studies, including
measurements of CSF levels of methylmalonic acid and MCI and II in
treated versus untreated MMA mice, will be needed to help elucidate
the nature of the biochemical correction and provide insight into the
mechanism of exchange of these toxic metabolites between the CSF
and the periphery. The choroid plexus may also contribute to the
Clinical Development Vol. 21 June 2021 771
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Figure 7. Brain and liver MMUT expression after

treatment with AAV PHP.eB-CaMKII-MMUT or a GFP

reporter

(A) Deep gray matter brain tissue collected at DOL 21

following treatment with therapeutic or reporter vectors on

DOL 1. The cortex and cerebellumwere removed from each

brain and 50 mg of lysate from the remaining tissue was

loaded into each well. Western blotting using anti-MMUT

antibody reveals a band of �75 kDa that is present in the

brain extracts of the Mmut+/� (labeled HET) AAV9-CBA-

GFP-treated controls and in the PHP.eB-CaMKII-MMUT-

treated Mmut�/�;TgINS-MCK-Mmut mice (labeled MMA) but is

completely absent from the Mmut�/�;TgINS-MCK-Mmut GFP-

treated controls. Blotting using anti-GFP antibody reveals a

band at �25 kDa present in the GFP-treated Mmut�/�;
TgINS-MCK-Mmut andMmut+/� control mice but absent in the

PHP.eB-CaMKII-MMUT-treated Mmut�/�;TgINS-MCK-Mmut

mice. (B) Liver tissue collected from same mice. Western

blotting using anti-MMUT antibody reveals a band of

�75 kDa that is present in the liver extracts only of the

Mmut+/� (labeled HET) and no band in the PHP.eB-CaMKII-

MMUT-treated Mmut�/�;TgINS-MCK-Mmut mice or the

Mmut�/�;TgINS-MCK-Mmut GFP-treated controls.
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metabolism of MMA and MC, which seems likely given the transduc-
tion we have observed with the AAV vectors studied and the high
levels of endogenous Mmut noted in WT mice by RNA in situ
hybridization.

The clinical translation of our results with a PHP.eB vector will be
limited, because this capsid’s neurotropic properties depend on
LY6A, a protein not found in non-human primates or humans.32,33

Despite this caveat, PHP.B and related capsids continue to act as
benchmarks for pre-clinical AAV gene therapy studies that target
the CNS. In fact, in an exciting recent development, newly engi-
neered, non-LY6A PHP-class capsids that retain efficiency for
CNS transduction have been identified.11,22 Therefore, we view the
PHP.eB vector developed here as a proxy for what will be achieved
with the next generation of neurotropic capsids, which hold great
promise to enable CNS-targeted AAV gene therapy. Previous mu-
rine studies in our lab have used AAV9 as a CNS-targeted vector
for treatment of the disease NPC1 and MMA, with demonstrated
benefit.10 Although AAV9 has been shown to have lower efficiency
in CNS transduction compared to PHP.eB, AAV9 also has tropism
to liver, making it an interesting option for a clinical scenario in
772 Molecular Therapy: Methods & Clinical Development Vol. 21 June 2021
which both liver and CNS transduction are
desired, as we argue could be the case in MMA
patients.11

Since the mouse model of MMAwe used does not
exhibit any obvious neurological phenotype,
determining the effect of gene delivery on
behavior, locomotion, or CNS symptoms was
not possible. Given the cell-autonomous nature
of MMA, we hypothesize that restoring MMUT
expression in a regioselective fashion, specifically to brain regions
impacted by the disease such as the striatum, could have a therapeutic
and protective benefit. Additionally, the systemic reduction of toxic
disease-related metabolites after CNS-directed gene therapy could
potentially reduce the overall circulating metabolite load, and we
speculate that targeting MMUT expression to the choroid plexus
might provide additional systemic benefits, as has been noted in other
mouse models.34

In aggregate, our experiments demonstrate that a CNS-tropic AAV
vector can restore expression of MMUT in the CNS after systemic de-
livery in a mouse model of severe MMA. Using the CaMKII neuro-
specific promoter, restoration of MMUT expression was limited to
the CNS, notably those regions of the brain that are thought to be
involved in disease progression such as the striatum, and metabolism
at the blood-brain barrier, in the choroid plexus. The surprising
reduction in systemic levels of toxic metabolites, with MMUT expres-
sion limited only to the CNS, supports the proposition that AAV-
mediated CNS gene therapy will likely benefit patients with MMA
and, further, could confer neuroprotection, even to those who have
received liver transplantation.



Figure 8. Effect of gene therapy on serum metabolites

Methylmalonic acid and 2-methylcitrate (MC) shown stratified by group in Mmut+/� (labeled HET), or Mmut�/�;TgINS-MCK-Mmut mice (labeled MMA), injected with a reporter

(GFP, control vector) or treatment PHP.eB-CaMKII-MMUT vector (labeled MMUT). (A) Methylmalonic acid was significantly lower inMmut�/�;TgINS-MCK-Mmut mice that were

treated with PHP.eB-CaMKII-MMUT (n = 6) compared to Mmut+/� controls (n = 9, p < 0.02). (B) Total MC was significantly lower in Mmut�/�;TgINS-MCK-Mmut mice (labeled

MMA) that were treated with PHP.eB-CaMKII-MMUT (n = 6, p = 0.02) compared to reporter control (n = 9). (C) In MMUT-treated Mmut�/�;TgINS-MCK-Mmut mice (labeled

MMA), the ratio MCI/MCII (p < 0.0001) was significantly decreased compared to those treated with a GFP reporter.
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MATERIALS AND METHODS
Plasmid construction and AAV vector production

Therapeutic plasmids were cloned from a backbone of the expression
vector pENN.AAV.CamKII0.4.eGFP.rBG (PL-C-PV1474), which
was obtained from the University of Pennsylvania Vector Core.
This vector contains transcriptional control elements from the mouse
Ca2+/calmodulin-dependent protein kinase II (CaMKII) promoter,
cloning sites for the insertion of a complementary DNA, and the rab-
bit b-globin polyA signal, which were produced as previously
described.35 The GFP was replaced with a codon-optimized version
of MMUT. Additional reporter plasmids expressing EGFP from a
CaMKII or CBA promoter and cloned between WT AAV2 ITRs
and pseudoserotyped in PHP.eB or AAV9 capsids were purchased
(37825-PHP.eB, 37825-AAV9, 105541-AAV9) (Addgene, Water-
town, MA, USA). Our reporter vectors were constructed with
AAV9 or PHP.eB capsids, known to have CNS tropism.10,11 Thera-
peutic MMUT plasmids were pseudoserotyped with PHP.eB capsids,
purified by CsCl gradient centrifugation, aliquoted, titered, frozen,
and then freshly diluted with PBS (Vigene Biosciences, Rockville,
MD, USA).
Mouse model

Animal work was performed in accordance with the guidelines for
animal care at NIH and the Guide for the Care and Use of Laboratory
Animals (https://wol-prod-cdn.literatumonline.com/pb-assets/hub-
assets/aasldpubs/Hepatology_1527-3350/guide-for-the-care-and-use-
of-laboratory-animals-1542041308777.pdf). A knockout transgenic
mousemodel ofMMA,withmurinemuscle creatine kinase (MCK)pro-
moter to driveMmut expression in the skeletal and cardiacmuscle of the
Mmut�/� mice, was used in our studies.15 The background strains are
enriched C57/BL6 and FVBN, which are largely permissive to PHP.B
and PHP.eB capsid transduction of the CNS.21,22 The resulting
Molecul
Mmut�/�;TgINS-MCK-Mmut animals, referred to as MMA mice in some
figures, were rescued from the neonatal lethality observed inMmut�/�

mice but manifested the clinical and biochemical features of MMA,
including severe growth retardation, fragility, massively elevated serum
methylmalonic acid concentrations, and hepatorenal mitochondrial
pathology.3,15 Treated mice received AAV via retro-orbital injection
12–24 h postpartum. Mice were bled via retro-orbital sinus plexus sam-
pling using a sterile glass capillary tube and weighed monthly. Controls
were cohousedmice from the same litter.Allmicewerehoused inmicro-
isolator cages on positive-pressure ventilated racks (Lab Products, Sea-
ford, DE, USA), and cages were bedded with steam-sterilized hardwood
bedding (Nepco Beta-Chips). Standard environmental enrichment for
allmouse cages containing two ormore animals was a pulped virgin cot-
ton Nestlet (Ancare, Bellmore, NY, USA). Environmental enrichment
for cages containing singly housed animals consisted of a Nestlet and
a paper nesting product (Bed-R-Nest, The Andersons Lab Bedding,
Maumee, OH, USA). Mice were fed autoclaved or irradiated Purina
Lab Diet, product no. 5R31 (LabDiet, St. Louis, MO, USA).
AAV gene delivery

Viral vectors were delivered by retro-orbital systemic injection at a
dose of 1 � 1011 GC/pup on DOL 0. All mice were housed with their
mother and littermates and were handled by the same two re-
searchers. Mice were compared to control littermates at 3 weeks
post-treatment. Organ dissections were performed following eutha-
nasia at day 21 of life under a dissecting microscope to remove the
brain, heart, liver, skeletal muscle, and kidneys. Samples processed
for immunohistochemistry and RNA in situ hybridization were
immediately placed in freshly mixed 4% paraformaldehyde (PFA)
fixative. Other organs were snap frozen prior to storage at �80�C
and subsequent processing. Mice maintained for longevity studies
were similarly treated by retro-orbital systemic injection at a dose
ar Therapy: Methods & Clinical Development Vol. 21 June 2021 773
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Figure 9. Effect of gene therapy on brain tissue metabolites

Methylmalonic acid and 2-methylcitrate (MC) measured in whole-brain tissue homogenate shown stratified by group in Mmut+/� (labeled HET) or Mmut�/�;TgINS-MCK-Mmut

mice (labeled MMA), injected with a reporter (GFP, control vector) or treatment PHP.eB-CaMKII-MMUT vector (labeled MMUT). Metabolite levels were corrected for brain

tissue wet weight. (A) Methylmalonic acid was significantly lower in HETmice that were treated with PHP.eB-CaMKII-MMUT (n = 4) compared to MMAmice regardless either

treated with MMUT or with GFP reporter, but MMA mice did not (n = 4, p = 0.76). (B) Total MC was also significantly lower in HET mice (p < 0.02, n = 4 all groups) but not

significantly different when comparing MMUT-treated to GFP-treated MMA mice (p = 0.42). (C) The ratio MCI/MCII was not significantly different across groups (ANOVA p =

0.69, n = 4 all groups).
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of 1e11 GC/pup on DOL 0. Retro-orbital blood draws were obtained
and body weights and metabolites were monitored monthly.
Metabolite studies

Plasma was isolated after retro-orbital collection of blood in tubes that
contained 1–5 mL of diluted sodium heparin. The samples were
immediately centrifuged, and the plasma was removed, diluted in wa-
ter, and stored at�80�C in a screw-top tube for later analysis. Plasma
samples were analyzed by gas chromatography-mass spectrometry
with stable isotopic internal calibration to measure methylmalonic
acid, 2-MC stereoisomer I (2S,3R and 2R,3S enantiomers), and 2-
MC stereoisomer II (2S,3S and 2R,3R enantiomers) as described.36

To measure brain parenchymal metabolite levels, whole-brain tissue
was collected, wet weight was measured, and tissue was homogenized
mechanically. Samples were then diluted in water and stored at
�80�C in a screw-top tube for later analysis in the same manner as
plasma samples described above.
Immunohistochemistry

Brain sections were evaluated for GFP fluorescence after counter-
staining with DAPI (40,6-diamidino-2-phenylindole) alone or DAPI
with NeuN (hexaribonucleotide binding protein-3).37–39 Slides were
digitized with an Aperio ScanScope XT (Leica) at 200� in a single
z plane, with lower magnifications shown as indicated. Fluorescence
is quantified using visual assessment and image analysis by brain re-
gion, including the cerebrum, cerebellum, pons, hippocampus, thal-
amus, striatum, and choroid plexus. No GFP or NeuN signal was
observed in negative control brain tissue. Fluorescence signal was
quantified using a semiquantitative scoringmethod (visual) and using
image analysis.40 Image analysis is reported as number of cells
meeting three separate fluorescence thresholds using a scale of 0–
3+ as follows: 0: no staining, 1+: mild staining, 2+: moderate staining,
3+: strong staining. An H-score [1] was calculated using QuPath as
774 Molecular Therapy: Methods & Clinical Development Vol. 21 June 2
follows: H-score = [1 � (% cells 1+) + 2� (% cells 2+) + 3� (% cells
3+)].40,41

RNA in situ hybridization

Tissue was fixed in 4%PFA, processed into paraffin blocks, and cut into
5-mm sections. Tissue sections were evaluated and quantified for the
presence of RNA transcripts using chromogenic in situ hybridization
probes for transgene (RNAscope target probe synMUT1 cat. no.
300031, Advanced Cell Diagnostics, Newark, CA, USA) or for native
Mmut (cat. no. 322300, Advanced Cell Diagnostics, Newark, CA,
USA) according to manufacturer’s recommendations. Slides were digi-
tized with an Aperio ScanScope XT (Leica) at 200� in a single z plane.
Aperiowhole-slide imageswere evaluated, and a threshold for positivity
was determined using positive and negative controls. Cell detection al-
gorithmswere run to assess the positive cells. H-scorewas calculatedus-
ing QuPath.40,41 DAB staining is quantified using image analysis by tis-
sue and by sub-anatomic region for the brain, including the cerebrum,
cerebellum, pons, hippocampus, thalamus, striatum, and midbrain.

Vector genome quantitation

Brain and liver samples were collected at day 21 of life for both treated
and control mice. Genomic DNA from tissue was extracted using
DNeasy Blood & Tissue Kit (QIAGEN, Germantown, MD, USA;
cat. no. 69506). ddPCR was performed according to the manufac-
turer’s recommendations for the BioRad QX200 AutoDG ddPCR sys-
tem using 10 ng or 20 ng of DNA as input and the following probes:
Bio-Rad (Hercules, CA, USA) ddPCR CNV assay Gapdh (cat. no.
10042961, dMumCNS300520369) and MMUT (cat. no. 10042958,
dCNS513322846).

Western blotting

Whole-tissue extracts from the mouse brain deep gray matter or liver
were analyzed by immunoblotting and were probed with primary
021
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rabbit polyclonal antibody against the methylmalonyl-CoA mutase
enzyme (ab134956 Abcam, Cambridge, MA, USA), GFP (ab6556 Ab-
cam, Cambridge, MA, USA), or b-actin (66009-1-Ig, Proteintech,
Rosemont, IL, USA). The anti-MMUT antibody was used at a dilution
of 1:1,000, and beta-actin was used at 1:10,000. Detection was per-
formed with the Odyssey imaging system using the following second-
ary antibodies: IRDye 800CW donkey anti-rabbit IgG secondary anti-
body (LI-COR Biosciences) and IRDye 680RD donkey anti-mouse
IgG (LI-COR Biosciences).
Statistical analysis

We calculated and reported the cohort average and standard error of
the mean for methylmalonic acid, 2-methylcitrate, and RNAscope H-
score. Figures show mean ± standard error of the mean unless other-
wise indicated. Comparisons between two groups were performed us-
ing a non-parametric unpaired two-tailed t test, and comparisons
among multiple groups were performed using a one-way ANOVA,
with Tukey’s multiple comparison post-test. A p value < 0.05 was
considered significant. Homoscedasticity and normality assumptions
were assessed. Statistical tests were performed using the software
GraphPad Prism 8.3.0. Mouse studies were powered for the primary
outcome, to identify a difference between serum methylmalonic acid
levels in untreated Mmut�/�;TgINS-MCK-Mmut versus MMUT-treated
mice when compared using a one-tailed t test. We used a conservative
estimate of 2 for the effect size, meaning essentially that the difference
in means between groups is expected to be more than 2 standard de-
viations, as seen in previous studies.15 For a desired alpha of 0.05 and
target power of >0.9, the predicted required sample size is 6 mice per
group. Power analysis was performed using the Gpower program.
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