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Abstract

Methylmalonic acidemia (MMA) is an inborn error of metabolism mostly caused by muta-

tions in the mitochondrial methylmalonyl-CoA mutase gene (MMUT). MMA patients suffer

from frequent episodes of metabolic decompensation, which can be life threatening. To

mimic both the dietary restrictions and metabolic decompensation seen in MMA patients,

we developed a novel protein-controlled diet regimen in a Mmut deficient mouse model of

MMA and demonstrated the therapeutic benefit of mLB-001, a nuclease-free, promoterless

recombinant AAV GeneRideTM vector designed to insert the mouse Mmut into the endoge-

nous albumin locus via homologous recombination. A single intravenous administration of

mLB-001 to neonatal or adult MMA mice prevented body weight loss and mortality when

challenged with a high protein diet. The edited hepatocytes expressed functional MMUT

protein and expanded over time in the Mmut deficient mice, suggesting a selective growth

advantage over the diseased cells. In mice with a humanized liver, treatment with a human

homolog of mLB-001 resulted in site-specific genome editing and transgene expression in

the transplanted human hepatocytes. Taken together, these findings support the develop-

ment of hLB-001 that is currently in clinical trials in pediatric patients with severe forms of

MMA.

Introduction

MMA is a metabolic disorder most commonly caused by mutations in the methylmalonyl-

CoA mutase (MMUT) gene. MMUT deficiency leads to the failure of converting methylmalo-

nyl-CoA to succinyl-CoA in the propionate pathway, with a subsequent accumulation of toxic

metabolites such as methylmalonic acid in tissues and circulation [1, 2]. The severity of symp-

toms among the patients with MMUT mutations is correlated with the type of mutation and

the amount of residual enzyme activity retained. Patients can have a complete loss of enzyme

activity, designated as Mut0, or a partial reduction, designated as Mut-. The Mut0 subtype is

associated with high morbidity and mortality at an early age [1], while Mut- patients tend to be

more heterogeneous and symptoms present later with lower morbidity and mortality rates [2].
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Patients with MMUT deficiency are treated with strict life-long dietary management to mit-

igate acute illness that worsens the patient’s basal condition, particularly with respect to meta-

bolic brain injury [3]. Restoring hepatic methylmalonyl-CoA mutase activity through liver

transplantation can improve metabolic stability, reducing the incidence of metabolic decom-

pensation, often normalizing renal function and stabilizing neurocognitive function [4, 5].

However, liver transplantation is an invasive, high-risk procedure, with the potential of trans-

planted organ failure and life-long comorbidities. Restoration of MMUT enzymatic activity by

gene therapy mediated by recombinant adeno-associated virus (rAAV) is a promising

approach [6–9]. However, rapid hepatic growth during the neonatal/pediatric period results in

dilution of the episomal DNA and consequently loss of therapeutic efficacy [10]. Similarly, dis-

eases with high hepatic turnover limit the benefit of episomal-driven gene therapies. Genome

editing would thus be the best approach for pediatric patients and for diseases with rapid cellu-

lar turnover, allowing the phenotypic correction of the edited cells to be passed on to the

daughter cells. However, endonuclease-mediated gene editing approaches carry the risks of

immunogenicity of the endonucleases, off-target cleavage, and mutagenesis [11]. The gene

editing GeneRideTM technology leverages the sequence-guided endogenous process of homol-

ogous recombination to insert a promoterless therapeutic gene into a specific genomic locus

without the aid of nucleases, resulting in the expression of the transgene driven by an endoge-

nous promoter [12].

LB-001 is a GeneRide AAV vector designed to provide durable therapeutic hepatic expres-

sion of MMUT protein. The expression of MMUT is driven by the hepatocyte-specific albu-
min (ALB) promoter following site-specific integration (S1 Fig). The vector genome contains a

copy of the MMUT coding sequence preceded by a porcine 2A peptide sequence [13], flanked

by two 1-kb homology sequences corresponding to the ALB locus flanking the stop codon.

Site-specific integration of the vector genome occurs precisely following, and in-frame with,

the penultimate codon of the ALB gene. The transcription product is a fused ALB-2A-MMUT
mRNA driven by the endogenous ALB promoter. Upon translation, the 2A sequence mediates

ribosomal skipping, resulting in the synthesis of two separate proteins, a carboxyl-terminal

2A-modified albumin (ALB-2A) and MMUT. ALB-2A is secreted into the circulation and con-

veniently serves as a transgene expression biomarker that can be monitored over time as a sur-

rogate for the therapeutic protein expression, negating the need of liver biopsy where the

MMUT protein is shuttled to its native subcellular mitochondrial localization. The durability

of gene editing suggests that LB-001 offers an opportunity to intervene at an early age before

MMA patients succumb to the disease.

To provide preclinical support for the development of LB-001, a mouse surrogate, mLB-

001, was constructed with a copy of the mouse Mmut coding sequence and homology

sequences corresponding to the mouse Alb locus, and evaluated in a mouse model of MMA.

The Mmut-/-;TgINS-MCK-Mmut mice (herein referred to as MMA mice or Mmut-/-) are systemi-

cally deficient in endogenous Mmut, while expressing it specifically in the muscle from a trans-

gene driven by the muscle creatine kinase (MCK) promoter [14]. The mouse model

recapitulates clinically relevant features of patients with severe MMA, including reduced sur-

vival, retarded growth, and elevated levels of organic acids in blood and urine. The heterozy-

gous mice (Mmut+/-), with or without the MCK-Mmut transgene, have a normal phenotype

like the wild-type animals. To mimic the patient experience more closely, we developed a

novel low protein diet regimen to reflect the dietary restrictions used in MMA patients and

applied a high protein diet challenge to induce metabolic crises similar to what patients suffer.

The treatment of both neonatal and young adult MMA mice with mLB-001 demonstrated a

therapeutic benefit and protection from metabolic decompensation.
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Materials and methods

GeneRide vectors

The vector genome of mLB-001 contained a copy of the mouse Mmut coding sequence and

homology sequences corresponding to the mouse Alb locus. The vector genome of Vt196 con-

tained a copy of the human MMUT coding sequence and homology sequences corresponding

to the human ALB locus. The AAV vectors were produced in HEK293 cells by transient trans-

fection of plasmids containing the vector genome, cDNA sequences encoding capsid and

other helper proteins, followed by AAVX-affinity purification and CsCl gradient purification.

The titer was determined by ddPCR. The mLB-001 and Vt196 vectors employed capsids

AAV-DJ [15] and AAV-LK03 [16], respectively. All AAV vector were produced internally.

Animal experiments

This study was carried out in strict accordance with the recommendations in the Guide for the

Care and Use of Laboratory Animals of the National Institutes of Health. All animal studies

and procedures were approved by the Institutional Animal Care and Use Committee at Mispro

Biotech Services Corporation (Protocol Numbers: LOGC-004, LOGC-063, LOGC-094,

LOGC-130). All efforts were made to minimize animal suffering.

All animals were housed in plastic containers fitted to the Innorack1 IVC Mouse 3.5 racks.

The containers were replaced with fresh bedding, nesting and enrichment materials (wood

chips, paper strips and paper cellulose domes) every two weeks or more frequently as needed.

The housing room temperature was maintained at 20˚C to 26˚C with a relative humidity level

of 30% to 70%. Animals had access to food and water ad libitum. Food/water supply and ani-

mal welfare were checked daily. Euthanasia was carried out by CO2 exposure followed by cer-

vical dislocation or cardiac puncture.

Mouse model of MMA. The Mmut-/-;TgINS-MCK-Mmut (MMA mice) had a mixed FvB/NJ

and C57BL/6J background, deficient in endogenous Mmut and expressing an Mmut transgene

driven by the muscle-specific creatine kinase promoter. The initial breeders were obtained

from Dr. Charles Venditti at National Institutes of Health. Breeding of phenotypically normal

heterozygous females with a recombinant AAV-Mmut vector-rescued homozygous males

resulted in two types of MMA pups, the homozygotes with the transgene (Mmut-/-;
TgINS-MCK-Mmut) and homozygotes without the transgene (Mmut0). Litter sizes ranged from 4

to 11. Genotyping was performed for all live pups at PND 0 or 1. The Mmut0 mice usually died

within a few days after birth [17], and their data are excluded from analysis. All MMA mice

enrolled in the studies were genotype-confirmed Mmut-/-;TgINS-MCK-Mmut mice (designated as

MMA mice or Mmut-/-). The healthy littermates Mmut+/- (heterozygotes with or without

TgINS-MCK-Mmut) served as controls and housing companions. Due to the severe disease pheno-

type of the MMA mice, weaning occurred on PND 28, one week later than our usual practice

with healthy mice. All surviving pups stayed with their own dams until weaning and non-

enrolled mice (Mmut0 and excessive Mmut+/-) were euthanized after weaning. When groups

were assigned later in life for diet treatment and adult dosing studies, gender and starting body

weight of the MMA mice were balanced when possible. Animals were fed with standard rodent

chow (21% protein content, LabDiet 5053), 12% protein chow (Envigo 93253) or 40% protein

chow (Envigo 90018). All diets had similar fat and caloric contents. Mice were intravenously

injected with vehicle or vectors via facial veins under ice-anesthesia (neonates) or via lateral

tail veins (adults). Animals were monitored for survival daily and body weight measured

approximately twice a month. Typical condition for the MMA mice includes hunched posture

and prominent backbone. Euthanasia was performed for animals considered as moribund,
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displaying severe adverse signs including prostration, decreased motor activity, inability to

right, cold to touch, pale, and/or tremors. Animals were sampled approximately monthly by

submandibular bleed, and terminal blood and liver were collected at necropsies.

Chimeric mice with a humanized liver. The chimeric PXB mice with a humanized liver

were purchased from PhoenixBio Co Ltd, who produced the mice by xenotransplanting

human hepatocytes into immunodeficient recipient cDNA-uPA+/-/SCID mice. Adult male

mice of 5-month-old were intravenously injected with a GeneRide vector via lateral tail veins.

Change of diet protein content. The objective of this experiment was to evaluate the

effect of low protein diet on the survival of the MMA mice without any other treatment. A

total of 8 litters were enrolled in the study. Newborn mice initially fed on mothers’ milk until

approximately two weeks of age. To provide a complete nutrition to the pregnant and nursing

dams, a standard rodent chow (21% protein diet) was used until PND 14. On PND 14, when

the dietary management started, litters were randomly assigned to two groups, with diet main-

tained on standard chow or switched to a 12% protein diet. Pups were weaned on PND 28 and

circulating methylmalonic acid levels were measured on PND 30. At 7 weeks of age, the surviv-

ing animals on the 12% protein diet were switched to 21% protein diet to study the impact of

increased protein intake on animal survival.

Systemic injection of mLB-001 in neonatal MMA mice. The objective of this experiment

was to evaluate the effect of the GeneRide vector mLB-001 on the disease phenotype of the MMA

mice treated during the neonatal period. A total of 15 litters were enrolled in the study, and all

MMA mice were genotype-confirmed Mmut-/-;TgINS-MCK-Mmut mice. On PND 1, litters were ran-

domly assigned to vehicle or mLB-001 group and all pups from the same litter (genotypes

unknown at the time) received the same treatment (either vehicle or 1×1014 vg/kg mLB-001).

Nursing dams were on the standard 21% protein diet until PND 14, then the diet was switched to

the 12% protein diet. Pups were weaned on PND 28. MMA mice were socially housed with at least

one heterozygous animal. At 3 months post-dosing, all animals were switched first to the standard

chow with 21% protein content and monitored for clinical signs, body weight, and mortality. At 4

months post-dosing, all animals were switched to a 40% protein diet and monitored for an addi-

tional 2 months through necropsy at 6 months of age. The dose-response study was conducted

with the researchers blinded to the treatment groups and a total of 39 litters were enrolled.

Systemic injection of mLB-001 in adult MMA mice. The objective of this experiment

was to evaluate the effect of the GeneRide vector mLB-001 on the disease phenotype of the

MMA mice treated as adults. MMA mice from 4 litters maintained on the 12% protein diet

were enrolled in the study. At 8 weeks of age, mice from each litter were divided into two

groups with an attempt to balance gender and body weight (N = 7 per group). Animals were

injected intravenously with vehicle or 5×1013 vg/kg mLB-001 via tail vein. Two and three ran-

domly selected heterozygous littermates were dosed intravenously with vehicle and 5×1013 vg/

kg of mLB-001, respectively, to serve as controls and to evaluate the baseline genomic DNA

integration rate. At 3 months post-dosing (5 months of age), all animals were switched first to

the 21% protein standard chow, and at 4 months post-dosing (6 months of age), all animals

were switched to the 40% protein diet. The animals were monitored for an additional 2 months

through necropsy at 6 months post-dosing (8 months of age).

Systemic injection of a human specific GeneRide vector in adult PXB mice with a

humanized liver. The objective of this experiment was to evaluate the ability of a human spe-

cific GeneRide vector to edit the genome of human hepatocytes and to express the therapeutic

protein MMUT in vivo. The PXB mice purchased from Phoenix Bio were randomly assigned

to two groups (N = 4 per group). At 5 months of age, mice were intravenously injected with

5×1013 or 1×1014 vg/kg of the GeneRide vector Vt196 via tail vein and monitored for 8 weeks

through necropsy.
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Plasma alanine aminotransferase activity assay

Plasma alanine aminotransferase activity was quantified using an alanine aminotransferase

activity colorimetric assay kit (BioVision) with 1:10 diluted plasma samples.

Circulating methylmalonic acid quantification

Circulating methylmalonic acid was quantified in whole blood or plasma samples using a qual-

ified liquid chromatography-tandem mass spectrometry analysis (LC-MS/MS), performed by

Nextcea Inc. Methyl-d3-MMA was used as an internal standard (IS). MMA and methyl-

d3-MMA were derivatized with N-ethyl-N’-(3-dimethylaminopropyl) carbodiimide and

2,2,2-trifluroethylamine and quantitated by LC-MS/MS using a Shimadzu XR Ultra High Per-

formance Liquid Chromatograph system and a SCIEX Triple Quad 6500 mass spectrometer.

Plasma ALB-2A fusion protein and albumin quantitation

ALB-2A was quantitated in mouse plasma samples in an enzyme-linked immunosorbent assay

(ELISA) using a proprietary recombinant monoclonal rabbit anti-2A antibody for capture and

an HRP-labeled anti-ALB polyclonal antibody (Abcam) for detection. Purified recombinant

mouse or human ALB-2A was used as standards to build calibration curves from which ALB-

2A concentrations were interpolated. Plasma mouse and human albumin levels were measured

in species-specific ELISA (Abcam).

Targeted genomic DNA integration in liver

Genomic DNA was extracted from frozen liver tissues and targeted genomic DNA integration

was analyzed by long-range polymerase chain reaction (PCR) amplification, followed by quan-

titative polymerase chain reaction (qPCR) quantification using a qualified method (S1 Fig).

Long Range PCR was performed using a forward primer (F1) and a reverse primer (R1). The

PCR product was purified with solid phase reversible immobilization beads (ABM, G950) and

used as template for qPCR using the forward primer (F1), a reverse primer (R2) and a probe

(P1). The primers and probes for mouse experiments are (F1m) 5’-ATGTTCCACGAAGAAG
CCA-3’, (R1m) 5’-TCAGCAGGCTGAAATTGGT-3, (R2m) 5’-AGCTGTTTCTTACTCCA
TTCTCA-3’, (P1m) 5’-AGGCAACGTCATGGGTGTGACTTT-3’. The mouse transferrin

receptor (Tfrc) was used as an internal control in qPCR. The primers and probes for human-

ized mouse experiments are (F1h) 5’-GCTCTCCTGCCTGTTCTTTAG-3’, (R1h) 5’-TCAG
CAGGCTGAAATTGGT-3, (R2h) 5’-TCAGCATAATAAGGGCAACACT-3’, (P1h) 5’-GCAA
GAACTGTCAATTCAAGCTAGCAACT-3’. The human RNA pyrophosphohydrolase (RPPH)

was used as an internal control in qPCR.

Fused mRNA in liver

Total RNA was extracted from frozen liver tissues and the transcript from the integrated trans-

gene was quantified by reverse transcription-coupled droplet digital polymerase chain reaction

(ddPCR) using a qualified method with a forward primer (F2), a reverse primer (R3) and a

probe (P2) (S1 Fig). The primers and probes for mouse experiments are (F2m) 5’-CACACT
TCCAGAGAAGGAGAAGC-3’, (R3m) 5’-TCAGCAGGCTGAAGTTGGT-3’, (P2m) 5’-AAG
ACGCCTTAGCCGGCAGCGGC-3’. The primers and probes for humanized mouse experi-

ments are (F2h) 5’-TGAGAAGGAGAGACAAATCAAGAA-3’, (R3h) 5’-TCGCCGGCCTGTT
TCAG-3, (P2h) 5’-TTAGGCTTAGGAAGCGGCGC-3’.
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MMUT protein expression in liver by immunoblot analysis

Whole liver tissue lysates were prepared with buffer containing 50 mM Tris-HCl, 150 mM

NaCl and 0.5% NP40 (pH = 7.5). Mitochondrial fractions were prepared from tissue lysates

containing 210 mM mannitol, 70 mM sucrose, 5 mM Tris-HCL and 1 mM ethylenediamine-

tetraacetic acid, pH = 7.5 following a published method [18]. Whole tissue lysates or mito-

chondrial fractions were subject to immunoblot analysis for MMUT protein expression using

rabbit polyclonal anti-MMUT antibody (Abcam ab134956). Beta-actin and the mitochondrial

protein cytochrome c served as sample loading controls.

Protein expression in liver by immunohistochemistry

MMUT and Ki67 protein expression in liver tissues was analyzed in formalin-fixed, paraffin-

embedded tissue sections of 5 μm by immunohistochemistry analysis using rabbit polyclonal

anti-MMUT antibody (Proteintech 17034-1-AP) and rabbit monoclonal anti-Ki67 antibody

(Abcam ab16667), respectively.

MMUT mutase activity in liver

MMUT mutase activity was measured in terminal liver tissues using a modified protocol based

on a published method [19]. Liver tissue homogenates containing 50 μg protein were subject

to enzymatic activity analysis in the presence of 0.4 mM methylmalonyl-CoA. The holo

enzyme activity was measured in the presence of 0.2 mM adenosylcobalamin. The converted

product succinyl-CoA was quantified using LC-MS/MS by Nextcea Inc.

Statistics

Raw data were recorded and calculated when appropriate using Microsoft Excel. Graphs were

generated and statistical analyses performed using Prism version 9 (GraphPad). Data in texts

and graphs represent means and standard deviations unless noted. One-way analysis of vari-

ance, mixed-effects analysis with multiple comparison or two-sided Student’s t-tests were per-

formed to compare values between groups, where statistical significance was defined as P<
0.05.

Results

We have previously shown that a single systemic administration of a GeneRide vector to

MMA mice led to targeted genomic integration of the transgene into the mouse Alb locus, and

that the edited hepatocytes repopulated the liver through selective advantage conferred by

improved mitochondrial function and decreased oxidative stress in the corrected hepatocytes

[20]. Consistent with recent reports that some MMA patients have underlying liver diseases,

including neoplasms [21, 22], the liver enzyme alanine aminotransferase was found to be sig-

nificantly elevated in the MMA mice (S2 Fig). Furthermore, when the liver tissues of the

MMA mice were stained for the proliferation marker Ki67, we found that the number of

Ki67-positive hepatocytes was significantly higher than in the healthy heterozygotes (S3 Fig),

suggesting a high rate of hepatocyte turnover in the diseased liver. In mLB-001-treated MMA

mice, this increased rate of hepatic regeneration provides an opportunity for the healthier,

gene-edited MMUT-expressing hepatocytes to repopulate the liver faster than the unedited

diseased cells, resulting in the selective advantage and expansion of corrected cells. Hepatic

regeneration and expansion of edited hepatocytes were observed under all protein diet condi-

tions tested in this study, suggesting that selective advantage of corrected hepatocytes could

occur even with dietary management in MMA patients.
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When fed a standard rodent diet, MMA mice displayed lower body weight than healthy lit-

termates starting at 2 weeks of life. After weaning at PND 28, the animals gradually perished,

with less than 15% surviving through 3 months of age (S4 Fig). This standard diet, however,

does not reflect how MMA patients are managed clinically, and the short life span poses chal-

lenges to evaluating the long-term therapeutic efficacy of mLB-001 treatment. This led us to

modify the animal model by reducing the dietary protein level mimicking clinical manage-

ment of MMA patients and extending the lifespan of MMA mice to allow demonstration of

the therapeutic benefit of mLB-001 on clinical outcomes and biochemical biomarkers.

Development of a clinically relevant MMA mouse model

Newborn mice initially feed on mothers’ milk until approximately two weeks of age [23]. To

provide complete nutrition to the pregnant and nursing dams, a standard rodent chow (21%

protein diet) was used during this period. The dietary management started on PND 14 when

litters were randomly assigned to two groups: one group was maintained on the standard

chow; the other group was switched to a 12% (low) protein diet. The low protein content was

chosen to mimic the levels in nursing dam’s milk [24]. Pups were weaned on PND 28 and cir-

culating methylmalonic acid levels were measured in blood samples collected on PND 30.

Body weight was measured weekly, and animal survival was monitored through 7 weeks of

age.

The low protein diet significantly improved the growth of MMA mice compared to the

mice maintained on the 21% standard chow, even though the diet did not normalize the body

weight, as shown at 5 weeks of age (Fig 1A). The levels of the circulating biomarker of the dis-

ease, methylmalonic acid, were significantly lower in MMA mice on the low protein diet than

those on the 21% protein diet (Fig 1B), and the protein-restricted mice showed better survival

(Fig 1C). Animals maintained on the 21% protein diet started to perish around weaning, and

by 38 days of age, more than half of the mice succumbed to the disease. In contrast, over 90%

of animals maintained on the 12% protein diet survived. These results suggest that the low pro-

tein diet offers significant protection to the MMA mice against post-weaning stress, reducing

circulating methylmalonic acid levels, improving growth and reducing mortality. This protec-

tion resembles the clinical management of MMA patients maintained on protein-restricted

diets.

Fig 1. Body weight, circulating methylmalonic acid and animal survival in MMA mice on diets with standard

(21%) and low (12%) protein content. Nursing dams were initially on a 21% protein diet. On PND 14, litters were

either maintained on the 21% protein diet or switched to a 12% protein diet. (A) Body weight of MMA mice (-/-) and

their heterozygous littermates (+/-) on PND 35. All heterozygous groups were significantly heavier than the gender-

and diet-matched MMA groups. (B) Circulating methylmalonic acid level in MMA mice at PND 30. (C) Kaplan-Meier

survival curves of MMA mice demonstrated significantly better survival of the 12% diet group than the 21% diet group.
��� P< 0.001, ���� P< 0.0001, Student’s t-test in (A) and (B). P< 0.0001, log-rank test in (C).

https://doi.org/10.1371/journal.pone.0274774.g001
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To assess the impact of an early, temporary protein restriction on animal survival, the ani-

mals maintained on the 12% protein diet were returned to the standard 21% protein diet at 7

weeks of age and monitored for 3 additional months (managed group). These animals gradu-

ally died after the diet switch, with a median survival of 121 days (S5 Fig). This was a significant

improvement compared to the unmanaged group fed only the 21% protein diet (P< 0.01, log-

rank test). Nevertheless, these results demonstrate that a temporary low protein diet can offer

only a transient benefit to the MMA mice.

Systemic delivery of mLB-001 improved disease phenotype of MMA mice

Single dose of mLB-001 in neonatal MMA mice. We demonstrated that implementing a

protein-restricted diet early in the animal model, as is done in patients with MMA, stabilized

and extended the lifespan of the animals, protecting them from early death seen under the

standard diet. We hypothesized that despite animals being stabilized, an increase in protein

intake could trigger metabolic decompensation similar to what patients often experience and

would allow evaluation of the therapeutic benefit of mLB-001 in a controlled manner.

Neonatal mice, both Mmut-/- and their healthy heterozygous littermates, were injected

intravenously via facial vein with vehicle or 1×1014 vg/kg mLB-001 and maintained with the

12% protein diet. The initial rate of mLB-001-mediated homologous recombination resulted

in<1% of edited hepatocytes, as measured in the heterozygous animals. Due to the high rate

of hepatic turnover in the diseased MMA animals, we hypothesized that the gene-edited,

MMUT-expressing healthy hepatocytes would repopulate the liver over time and achieve sys-

temic metabolic stability, even without low protein dietary management. In contrast, the vehi-

cle-treated animals were expected to perish due to the transient nature of the protection

offered by the low protein diet alone. To test this hypothesis, we applied a stepwise increase in

the protein content of the diet, from 12% to 21% (the standard chow), at 3 months post-treat-

ment with mLB-001, and then to 40% at 4 months post-dosing (Fig 2A). During the first three

months of life, under the 12% protein diet, there was a 20–25% mortality in both vehicle- and

mLB-001-treated groups (Fig 2B). Upon imposing the high protein diet challenge, the vehicle-

treated mice gradually perished with a median survival of 148 days (58 days after the introduc-

tion of the 21% protein diet), while there was no mortality in the mLB-001-treated group. Log-

rank test demonstrated significantly better survival of the mLB-001-treated group than the

vehicle-treated group in response to the high protein diet challenge (P< 0.05). Under the 12%

protein diet, there was no statistically significant difference in animal body weight between

vehicle- (V) and mLB-001- (T) treated MMA animals, or between females (F) and males (M)

within each dosing group (VF 16.0±1.2 g (N = 4), VM 19.2±3.9 g (N = 5), TF 17.6±1.9 g

(N = 7), TM 19.4±3.2 g (N = 4) at 3 months of age). However, in response to the high protein

diet challenge, the vehicle-treated mice lost 20–30% of body weight, followed by the death of

most animals, while mLB-001-treated mice maintained their body weight and survived the

challenge (Fig 2B and 2C). The treatment was not able to restore the body weight of the MMA

mice as they remained significantly smaller than their healthy heterozygotes (S6A Fig). We

monitored the circulating methylmalonic acid levels over time. During the first three months

of life, while on the 12% protein diet, the methylmalonic acid levels showed an age-dependent

decrease in both vehicle and mLB-001-treated animals, with no statistically significant differ-

ence between the two groups. During the high protein diet challenge, methylmalonic acid lev-

els increased in both groups. However, lower and stable levels were consistently measured in

the mLB-001-treated animals compared to those of the vehicle-treated animals (Fig 2D), sug-

gesting that mLB-001-treated MMA mice were able to efficiently process the increased metab-

olite flux induced by the high protein diet. Due to the gradual loss of animals in the vehicle
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group during the challenge, the number of survivors (N = 2 at the 6-month timepoint) was

insufficiently powered for a valid statistical comparison with the mLB-001-treated group.

We monitored the GeneRide expression biomarker ALB-2A in circulation during the

course of the study. We observed a progressive increase over time in the mLB-001-treated

MMA mice while the level remained constant in the treated healthy heterozygous littermates

(Fig 3A). Furthermore, the ALB-2A increase in the MMA mice was accompanied by an

increasing amount of MMUT protein in liver lysates (Fig 3B) and increasing numbers of

MMUT-expressing hepatocytes (Fig 3C–3E). Together, these data support the hypothesis that

the edited, MMUT-expressing hepatocytes display a selective advantage in repopulating the

liver of the diseased animals. In addition, the direct correlation between ALB-2A and MMUT

protein expression validates the use of ALB-2A as a circulating pharmacodynamic biomarker

Fig 2. Effect of the high protein diet challenge on MMA mice treated with vehicle or 1×1014 vg/kg mLB-001 on

PND 1. (A) Study design. Animals were dosed with vehicle or mLB-001 on PND 1. Nursing dams were kept on the

standard 21% protein diet until PND 14, when the diet was switched to a 12% protein diet. Pups were weaned on PND

28 and maintained on the 12% protein diet. At 3 months of age, all surviving animals were switched to the standard

chow with 21% protein content and then to a 40% protein diet at 4 months of age. Necropsy was performed at 6

months of age. (B) Kaplan-Meier survival curves of MMA mice. Log-rank test demonstrated significantly better

survival of the mLB-001-treated group than the vehicle-treated group (P< 0.05). (C) Change in body weight of MMA

mice in response to the high protein diet challenge. The body weight of each Mmut-deficient animal was normalized to

its weight at the introduction of the 21% protein diet. Females and males were combined due to a lack of significant

difference. Animal numbers at each timepoint are indicated above the graph. �� P< 0.01, ��� P< 0.001, ���� P<
0.0001, mixed-effects analysis with multiple comparisons between vehicle- and mLB-001-treated groups at indicated

timepoints. (D) Circulating methylmalonic acid levels in MMA mice. The mLB-001-treated animals maintained lower

levels than the vehicle-treated animals in response to the high protein diet challenge.

https://doi.org/10.1371/journal.pone.0274774.g002
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for site-specific integration, transgene expression and hepatic selective advantage, supporting

its use in clinical development. Improved survival, body weight and selective expansion of

edited hepatocytes were confirmed in a separate dose-response study, with neonatal mice in

randomized litters injected with vehicle (V) or three dose levels of mLB-001: 2.5×1013 (L),

5×1013 (M), and 1×1014 (H) vg/kg. The same aforementioned dietary management regimen

was applied, and animals were followed with weekly clinical observation until the scheduled

termination of the study at 6 months of age.

Consistent with the single-dose level study, 10–20% of the mice perished in all groups dur-

ing the first three months of life. At the time of the diet challenge, at 3 months of age, the num-

ber of MMA animals in each group was 14 (V), 16 (L), 16 (M) and 14 (H). At the conclusion of

the study at 6 months of age, the number of surviving animals in each group was 5 (V), 13 (L),

13 (M) and 13 (H). Log-rank test demonstrated significantly better survival of all three mLB-

001-treated groups than the vehicle-treated group in response to the high protein diet chal-

lenges (P< 0.05) (Fig 4A). There was no significant difference in animal survival among the

three mLB-001-treated groups. The body weight of the MMA mice in all three mLB-

001-treated groups was well maintained during the high protein diet challenge, while the vehi-

cle-treated group showed weight loss that failed to recover. The few surviving animals in the

vehicle-treated group had significantly lower body weight than the mLB-001-treated animals

(Fig 4B, S6B Fig). Circulating ALB-2A levels demonstrated time-dependent increases in the

MMA mice while remaining stable in the healthy heterozygous littermates (Fig 4C), as seen in

the single-dose study, supporting the expansion of the corrected hepatocytes in MMA mice.

It is noted that the total albumin level (including the native and P2A-tagged forms) was

comparable between vehicle- and mLB-001-treated groups and did not change over time

(S7 Fig).

Fig 3. MMUT protein expression in mice treated with 1×1014 vg/kg mLB-001 at PND 1. (A) Plasma ALB-2A levels remained

stable in all heterozygous (Mmut+/-) animals while showing an exponential increase over time in all MMA (Mmut-/-) mice. (B)

Immunoblot analysis of MMUT protein in the liver tissues. Vehicle-treated heterozygous and MMA mice were used as positive

and negative controls for protein expression. β-actin was used as a loading control. (C-E) Immunohistochemistry analysis of

MMUT protein expression in livers of three mLB-001-treated MMA mice sacrificed at 1.5- (C), 3- (D), and 6- (E) months post-

dosing. The scale bars represent 400 μm.

https://doi.org/10.1371/journal.pone.0274774.g003
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Single dose of mLB-001 in adult MMA mice. Improvements in the standard of care of

MMA over the past few decades have allowed for many patients to survive to be young adults.

However, these older patients still live with strict dietary management and experience unpre-

dictable metabolic decompensations, and thus could benefit from durable gene therapies. To

evaluate the therapeutic efficacy of mLB-001 in young adult animals, MMA mice maintained

on the 12% protein diet were randomly assigned to a treatment group at 8 weeks of age and

injected with either vehicle or 5×1013 vg/kg mLB-001. At 3 months post-dosing (5 months of

age), animals were challenged with the same high protein diet regimen as previously described

for neonates (Fig 5A).

Similar to the observations in neonatal dosing studies, five out of seven vehicle-treated

MMA mice died in response to the high protein diet challenge, while only one out of seven in

the mLB-001-treated MMA group died (Fig 5B). Clinical observation revealed that the mLB-

001-treated mice were more active than the vehicle-treated animals, as shown by two represen-

tative animals in the video recorded at 5 months post-dosing (S1 Movie). The 40% protein diet

challenge starting at 4 months post-dosing induced a 20–30% weight loss in the vehicle-treated

animals within two weeks, from which they did not recover. In contrast, the mLB-001-treated

animals maintained their body weight (Fig 5C, S6C Fig), although their body weight was not

able to catch up to their gender-matched heterozygous littermates throughout the study.

MMA mice showed an age-dependent reduction in circulating methylmalonic acid during the

first few months of life when the disease was stabilized under the low protein diet. Upon chal-

lenge with the high protein diet starting at 5 months of age (3 months post-dosing), the mLB-

001-treated animals maintained stable levels of methylmalonic acid while the vehicle-treated

animals experienced significant increases in methylmalonic acid (Fig 5D). As seen previously

in neonate dosing studies, circulating ALB-2A levels remained stable in the mLB-001-treated

healthy heterozygotes but showed a time-dependent increase in the MMA mice dosed as adults

(Fig 5E), indicating that a selective advantage of the edited hepatocytes occurred in the dis-

eased, full-grown livers when the older, diet-managed MMA mice were treated under stabi-

lized conditions. Immunohistochemistry analysis of livers at 6 months post-dosing revealed

Fig 4. Effect of high protein diet challenge on MMA mice treated with vehicle or three dose levels of mLB-001 at

PND 1. (A) Kaplan-Meier survival curves of MMA mice injected with vehicle or different doses of mLB-001. Log-rank

test demonstrated significantly better survival of all three mLB-001-treated groups than the vehicle group during diet

challenges (P< 0.05). (B) Change in body weight of MMA mice in response to the high protein diet challenge. The

body weight of each Mmut-deficient animal was normalized to its weight at the introduction of the 21% protein diet.

At all dose levels, mLB-001-treated animals demonstrated better maintenance in body weight than the vehicle-treated

animals. Females and males were combined due to a lack of significant difference. Numbers in parentheses in the

legends represent animal numbers at each timepoint. � P< 0.05, �� P< 0.01, ��� P< 0.001, ���� P< 0.0001, mixed-

effects analysis with multiple comparisons between vehicle- and each mLB-001-treated group at the indicated

timepoints. (C) Dose-dependent plasma ALB-2A levels demonstrated exponential increases over time in all mLB-

001-treated MMA mice while remaining stable in all treated heterozygous animals. The rate of ALB-2A increase in the

MMA mice was similar across all 3 treatment groups.

https://doi.org/10.1371/journal.pone.0274774.g004
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MMUT-expressing hepatocytes in patches similar to the neonatally dosed animals (S8 Fig),

supporting the selective expansion of the GeneRide-edited hepatocytes.

Molecular analyses of terminal samples

To further characterize the mechanism of action of the GeneRide vector and to evaluate the

correlation between genomic DNA integration and transgene mRNA and protein expression,

we analyzed the 6-month post-dosing terminal liver samples from animals treated with mLB-

001 at PND 1 (D1, 1×1014 vg/kg) or 8 weeks of age (W8, 5×1013 vg/kg). Site-specific genomic

DNA integration in terminal liver tissues was determined using primers/probes designed to

avoid detecting the episomal AAV genome [20]. All vehicle-treated animals showed undetect-

able levels of genomic DNA integration. Since mLB-001-edited hepatocytes in healthy hetero-

zygous animals do not have a selective advantage, the percentage of the integrated alleles in

these animals represented the baseline integration rate at the time of treatment. Regardless of

the age at treatment, at 6 months post-dosing, we detected a greater than 100-fold increase in

the percentage of integrated alleles in the MMA mice compared to the heterozygous mice (Fig

6A). These data suggest a significant expansion of the edited hepatocytes in the diseased ani-

mals, when treated as either neonates or adults. The fused Alb-2A-Mmut mRNA transcript

Fig 5. Effect of high protein diet challenge on MMA mice treated with vehicle or 5×1013 vg/kg mLB-001 at 8 weeks

of age. (A) Study design. Animals were maintained on the 12% protein diet and dosed with vehicle or mLB-001 at 8

weeks of age. At 3 months post-dosing, the diet was switched to the standard chow with 21% protein content and then to

a 40% protein diet at 4 months post-dosing. Necropsy was performed at 6 months post-dosing when the mice were

approximately 8 months old. (B) Kaplan-Meier survival curves of MMA mice show that the mLB-001-treated group

survived longer than the vehicle-treated group (P = 0.052, Log-rank test). (C) Change in body weight of MMA mice in

response to the high protein diet challenge. The body weight of each animal was normalized to its weight at the

introduction of the 21% protein diet. Females and males were combined due to lack of significant difference. Animal

numbers at each timepoint are indicated above the graph. � P< 0.05, ���� P< 0.0001, mixed-effects analysis with

multiple comparisons between vehicle- and mLB-001-treated groups at the indicated timepoints. (D) Circulating

methylmalonic acid in the mLB-001-treated animals maintained at low levels but elevated in the vehicle-treated animals

in response to high protein diet challenge. ��� P< 0.001, ���� P< 0.0001, mixed-effects analysis with multiple

comparisons between vehicle- and mLB-001-treated groups at the indicated timepoints. (E) Plasma ALB-2A levels

remained stable in the mLB-001-treated heterozygous animals while demonstrating exponential increases over time in

the MMA mice.

https://doi.org/10.1371/journal.pone.0274774.g005
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expressed from the edited allele was quantified in liver tissues using a primer/probe set specific

for the fused message. All vehicle-treated animals showed undetectable levels of fused mRNA.

Following the same pattern of allelic integration analysis, at 6 months post-dosing with mLB-

001, the expressed fused mRNA levels were greater than 100-fold higher in MMA mice than in

the heterozygous animals, irrespective of the age at dosing (Fig 6B). Similarly, the ALB-2A

fusion protein level in circulation was more than 100-fold higher in mLB-001-treated MMA

mice than in the heterozygous mice when treated as either neonates or adults (Fig 6C). Thus,

the direct correlation between transcription and translation from the edited allele in both het-

erozygous and MMA mice suggests that the increasing level of ALB-2A detected over time in

the MMA mice was a direct result of cell expansion from the initially edited hepatocytes.

MMUT holo-mutase activity in liver lysates was analyzed by enzymatic conversion of the sub-

strate methylmalonyl-CoA to succinyl-CoA. Consistent with the lack of MMUT protein

expression in the MMA mouse liver (Fig 3B), there was no mutase activity in the liver lysates

of MMA mice treated with vehicle, while the mLB-001-treated MMA mice showed enzymatic

activity comparable to or higher than the healthy heterozygous mice (S9 Fig). Immunoblot

analysis of mitochondrial fractions of the liver tissues at 6 months post-dosing confirmed that

the MMUT protein expressed from the transgene is correctly localized to mitochondria

(S10 Fig).

At 6 months post-dosing, the percentage of MMUT-expressing hepatocytes in individual

mLB-001-treated animals was variable. The cause of such variation might be multifactorial,

including a mixed genetic background in this mouse line and variability in individual levels of

food intake and protein metabolism, which led to different levels of hepatic stress driving var-

ied expansion rates of the edited hepatocytes. Such variation allows correlation analyses

among various molecular, biochemical and physiological readouts. The percentage of inte-

grated alleles was linearly correlated with the fused mRNA and circulating ALB-2A levels

(S11A Fig), and the percent of MMUT-expressing hepatocytes linearly correlated with the

ALB-2A levels (S11B Fig). In addition, transgene expression, as represented by the surrogate

biomarker ALB-2A in circulation, directly correlated with the animal body weight and anti-

correlated with the disease biomarker, circulating methylmalonic acid levels (S11C Fig), sug-

gesting that the expansion of the MMUT-expressing hepatocytes led to the improvement of

the MMA disease phenotype.

Fig 6. Analyses of terminal samples from animals treated with vehicle or mLB-001 at 6-month post-dosing. MMA

mice (-/-) or heterozygous mice (+/-) were treated with 1×1014 vg/kg mLB-001 at PND 1 (D1) or 5×1013 vg/kg mLB-001

at 8 weeks of age (W8). Terminal samples were analyzed at 6 months post-dosing. (A) Percentage of integrated albumin

alleles in liver. (B) Fused mRNA expression in liver. (C) Circulating ALB-2A level. ���� P< 0.0001, Student’s t-test.

https://doi.org/10.1371/journal.pone.0274774.g006
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GeneRide vector successfully edited human hepatocytes in mice with a

humanized liver

To translate the gene editing efficacy shown in the MMA mice to the human setting, we used

the PXB mouse model, a chimeric mouse with more than 70% of the liver replaced with

human hepatocytes [25]. The degree and durability of human hepatocyte engraftment was

monitored by measuring plasma human albumin levels. The GeneRide vector used in this

study, Vt196, was composed of the human hepatotropic capsid AAV-LK03 [26] encapsulating

a vector genome containing the P2A sequence followed by the human MMUT coding

sequence, flanked by two 1-kb homology guide sequences corresponding to the human ALB
locus flanking the stop codon. The Vt196 design is the same as the vector used in the clinical

studies, hLB-001 (NCT04581785, ClinicalTrials.gov) with the exception that the human

MMUT coding sequence in hLB-001 is codon optimized while Vt196 contains the canonical

sequence (GenBank Accession Number NM_000255.4). We intravenously injected adult PXB

mice with 1×1014 or 5×1013 vg/kg of Vt196 and measured circulating ALB-2A. The animals

were sacrificed at 8 weeks post-dosing, and liver tissue was analyzed for genomic DNA integra-

tion, fused ALB-2A-MMUT mRNA expression and MMUT protein expression by

immunohistochemistry.

Because the study was performed in PXB mice with wild-type human hepatocytes, there

was no selective advantage to drive the expansion of the edited hepatocytes. Therefore, the

molecular analyses measured the basal level of genomic DNA integration resulting from

homologous recombination, which took place in a dose-dependent manner in the humanized

liver (Fig 7A), and resulted in dose-dependent production of fused ALB-2A-MMUT mRNA

(Fig 7B) and fusion protein ALB-2A (Fig 7C). This study supports using a human hepatotropic

capsid (LK03) and human homology sequences to deliver the vector genome into human

hepatocytes to target site-specific integration into the ALB locus. Together, these results dem-

onstrated that the GeneRide vector could edit human hepatocytes in vivo and express the ther-

apeutic protein MMUT, supporting its use in treating MMA patients.

Discussion

A strict protein-restricted diet is the mainstay management for methylmalonic acidemia. The

principle is to reduce protein intake to limit the precursor amino acids for the dysfunctional

propionic acid pathway while providing sufficient amino acids to support growth and avoid

catabolic episodes [27]. In our mouse model of MMA, we provided a diet with reduced protein

Fig 7. Analyses of terminal samples from PXB mice treated with Vt196. Adult PXB mice engrafted with human

hepatocytes were treated with 1×1014 or 5×1013 vg/kg of Vt196 at 5 months of age. Animals were sacrificed at 8 weeks

post-dosing and terminal samples were analyzed for (A) site-specific genomic DNA integration in the liver, (B) fused

ALB-2A-MMUT mRNA expression in the liver, and (C) circulating ALB-2A concentration.

https://doi.org/10.1371/journal.pone.0274774.g007
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content (12%) compared to the standard rodent chow (21% protein) to mimic the clinical

restriction of protein and to stabilize the severe and lethal phenotype observed in these mice.

This facilitated the evaluation of the long-term therapeutic benefit of the GeneRide vector

mLB-001, which we were not able to achieve with statistical significance due to the short life

span of the animals fed with the standard chow [20].

We demonstrated that the low protein diet significantly improved MMA animal growth

and survival and reduced circulating methylmalonic acid levels, the characteristic biomarker

of the disease. However, this dietary protection was only transient, and animals gradually per-

ished after returning to the standard chow. This mimicked clinical situations where MMA

patients under strict dietary management continue to experience life-threatening metabolic

decompensations triggered by events that induce catabolism such as infection, prolonged fast-

ing, acute trauma, and excessive protein intake [21, 27], highlighting the need for better treat-

ments to provide metabolic stability.

Under normal conditions, a healthy liver has a very low cell turnover, with<1% dividing

hepatocytes as assessed by the expression of Ki67, a cell regeneration biomarker. However, the

liver has a remarkable ability to regenerate following various types of injuries [28]. We found

that under both low and standard protein diets, the liver of MMA mice had markedly elevated

Ki67-positive hepatocytes, suggesting active tissue regeneration even when the disease was sta-

bilized with the low protein diet. In MMA mice treated with mLB-001, the edited hepatocytes

demonstrated a selective repopulation advantage, as measured by progressively increasing lev-

els of the circulating fusion protein ALB-2A, the biomarker for corrected hepatocytes, regard-

less of the age of dosing and the dietary protein content.

During the first three months post-dosing under the low protein diet, vehicle- and mLB-

001-treated MMA mice showed no significant difference in growth or survival. At 3 months

post-dosing, to mimic the patient experience, metabolic stress was introduced by using a diet

with higher protein content, increasing the metabolic flux through the propionate pathway. In

response to this challenge, the MMA mice treated with mLB-001, either neonatally or as young

adults, maintained their body weight, effectively controlled circulating methylmalonic acid lev-

els, and demonstrated a clear improvement in animal health and survival compared to the

vehicle-treated animals. The findings in this mouse model of severe MMA confirm a durable

therapeutic effect of mLB-001 and support the prospect of a direct benefit in treating young

MMA patients with a GeneRide vector. It should be noted that this mouse model does not

recapitulate the neurological symptoms seen in MMA patients, therefore, we cannot be certain

how effectively this technology may address the neurological sequelae of MMA patients.

MMA mice treated with mLB-001 expressed significant amounts of MMUT protein in the

liver shortly after treatment. However, the expression was restricted to few hepatocytes, limit-

ing the therapeutic effect of an intracellular protein even when expressed at a high level. As a

result, mLB-001-treated MMA mice were still initially susceptible to metabolic decompensa-

tion. Control of the metabolic crisis requires expansion of corrected hepatocytes to populate a

significant fraction of the liver. Interestingly, a recent report shows that using exogenous

nucleases to increase the initial editing frequency can significantly reduce the treatment-to-

efficacy time window [29].

GeneRide treatment did not normalize the animal growth or circulating methylmalonic

acid levels during the time periods observed. This is consistent with the clinical observations

that MMA patients receiving liver transplants showed improved, but not normalized, methyl-

malonic acid levels. These transplanted patients continue to require protein restriction, and

may suffer neurological problems and die from metabolic strokes [30, 31], suggesting a limita-

tion of liver-targeted therapies for this systemic disease.
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Terminal sample analyses demonstrated that circulating ALB-2A levels positively correlated

with an increase in the percent of edited hepatocytes, as measured by genomic DNA integra-

tion, fused mRNA expression and MMUT expression in the liver. In addition, the ALB-2A lev-

els also positively correlated with physiological improvements in the MMA mice as

demonstrated by improved body weight and reduced plasma methylmalonic acid levels. These

results validate the utility of circulating ALB-2A as an effective GeneRide pharmacodynamic

biomarker and a surrogate for both expansion of edited hepatocytes and MMUT protein

expression, supporting its use in clinical trials to monitor real-time expansion of corrected

hepatocytes.

It has recently been reported that AAV vectors randomly integrate at about 1–3% [32].

Importantly, the random integration appears to be ITR mediated and does not harness the

power of homology directed repair, leading to rearrangements and deletions. We evaluated

the random genome insertion of a GeneRide vector with human homology sequences in pri-

mary human hepatocytes. Using linear amplification-mediated PCR and deep sequencing to

evaluate ITR-mediated rAAV integration [33, 34], we identified approximately 6,000 uniquely

mappable insertion sites, with no signs for integration hotspots (unpublished results). More-

over, since the GeneRide vector does not include a promoter, the consequences of random

integrations are expected to be benign.

Non-human primates have traditionally been used to evaluate gene therapy products as a

preclinical translational tool, bridging mouse and human studies. However, for homology-

guided gene editing, human targeted vectors with human homology guide sequences can only

be effectively assessed in human cells. Humanized mouse models have emerged as a powerful

tool for testing gene therapy agents [16, 35]. For homology-guided gene editing such as Gen-

eRide, these mouse models offer a unique possibility to evaluate the activity of species-specific

vectors. In this study, we utilized adult PXB mice that were highly repopulated with human

hepatocytes and demonstrated that treatment with the human-specific GeneRide vector,

Vt196, led to on-target genomic DNA integration, fused mRNA expression, MMUT and ALB-

2A protein expression in the human hepatocytes. Compared to the levels obtained from the

mouse studies using the same dosages of mLB-001, the Vt196-mediated genomic DNA inte-

gration rate was lower in PXB mice. Mechanisms underlying this reduction are yet to be eluci-

dated though the following factors may be considered. Firstly, the vectors were composed of

different capsids: AAV-DJ was used for the mouse-specific mLB-001 and AAV-LK03 was used

for the human-specific Vt196. These capsids may have different biodistribution and pharma-

cokinetic properties in animals. Secondly, the transduction efficiency in hepatocytes of differ-

ent species and origins might differ. For example, AAV-DJ can robustly transduce cells

throughout the mouse liver [15], while AAV-LK03 preferentially transduces human hepato-

cytes in the periportal zone [16]. Thirdly, the PXB mice develop fatty liver and steatosis after

transplantation [36], which may limit the tissue penetration and cell entry of the viral particles

[37]. These factors may lead to a reduced gene editing rate in the human hepatocytes in the

PXB mice. Nevertheless, the edited hepatocytes expressed the MMUT protein at high levels, as

expected. The human hepatocytes were not MMUT deficient, therefore, there was no selective

growth advantage of GeneRide-edited cells in the PXB mice. In a clinical setting, GeneRide

editing is expected to restore the health of the diseased hepatocytes and support their expan-

sion and liver repopulation through selective advantage. Such expansion could allow the edited

hepatocytes to provide metabolic stability to MMA patients. In addition to evaluating safety,

the ongoing Phase 1/2 clinical study of hLB-001 (NCT04581785, ClinicalTrials.gov) includes

analyzing the surrogate biomarker ALB-2A to identify the presence and expansion of edited

hepatocytes in pediatric MMA patients.
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We have demonstrated in preclinical studies that GeneRide technology resulted in targeted

genome editing and durable transgene expression in healthy and diseased hepatocytes. GeneR-

ide technology utilizes a natural DNA repair process, homologous recombination, to enable

precise editing of the genome and expression of transgenes without the need for exogenous

nucleases or promoters that have been associated with an increased risk of immune response

and cancer. On the other hand, the editing efficiency is low, and the number of edited cells

may not be sufficient to produce therapeutic effects in diseases that require a high editing fre-

quency to correct a high percentage of hepatocytes [38]. However, in preclinical models of dis-

eases such as MMA that cause hepatic stress, the high liver turnover rate allows the corrected,

healthy hepatocytes to repopulate the liver through a selective growth advantage, resulting in

more corrected hepatocytes to provide therapeutic benefit. So far, we have demonstrated selec-

tive advantage of GeneRide vector-edited hepatocytes in three other preclinical disease models:

alpha-1 antitrypsin deficiency [39], hereditary tyrosinemia type 1 and Wilson disease (unpub-

lished results). Similar liver repopulation with healthy hepatocytes has been demonstrated

using cell transplantation studies in other diseases such as progressive familial intrahepatic

cholestasis [40]. These inborn errors of metabolism rank among the top indications for pediat-

ric liver transplantation and could potentially be treated using the GeneRide technology

described here. In addition, GeneRide technology could potentially be applied to treating

other diseases that do not provide selective advantage by leveraging the high expression from

the albumin promoter, including but not limited to diseases requiring modest levels of correc-

tive protein expression for therapeutic benefit, such as Crigler-Najjar [41], or expression of

secreted therapeutic proteins. Such opportunities potentially offer a one-dose, durable alterna-

tive to diseases currently managed with enzyme replacement therapy.

Supporting information

S1 Fig. Illustration of GeneRide technology and PCR designs. A GeneRide vector genome

consists of species-specific homology guide sequences flanking the stop codon of the endoge-

nous ALB gene, a peptide 2A and a coding sequence of methylmalonyl coenzyme A mutase.

Homologous recombination between the vector genome and ALB locus results in the insertion

of 2A-MMUT coding sequence in-frame with and upstream of the stop codon of the ALB
gene. The transcription product is a fused ALB-2A-MMUT mRNA driven by the native ALB
promoter. Upon translation, the 2A peptide mediates ribosomal skipping, resulting in two pro-

teins, the secreted fusion protein ALB-2A and MMUT. At the genomic DNA level, the edited

allele can be quantified using long-range PCR amplification with primers F1 and R1, followed

by a qPCR assay using primers F1 and R2 with probe P1. The fused mRNA can be quantified

by ddPCR using primers F2 and R3 with probe P2.

(TIF)

S2 Fig. Circulating alanine aminotransferase activity in 4-week-old mice. Heterozygous

(Mmut+/-) and MMA (Mmut-/-) mice were fed standard chow (21% protein content) and

plasma samples from 4-week-old mice were measured for alanine aminotransferase activity. ��

P< 0.01, Student’s t-test.

(TIF)

S3 Fig. Immunohistochemistry analysis of Ki67 in 10-week-old mice. Heterozygous

(Mmut+/-) and MMA (Mmut-/-) mice were fed standard chow (21% protein content). Animals

were killed at 7–10 weeks of age, and liver tissues were subjected to immunohistochemistry

analysis for Ki67. Ten 0.4 mm2 regions were randomly selected from each tissue section and

Ki67-positive cells were counted by staff blinded to the sample identity. A representative
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sample of each is shown. � P< 0.05, Student’s t-test. The scale bars represent 100 μm.

(TIF)

S4 Fig. Kaplan-Meier survival curve of MMA mice fed with the standard rodent chow con-

taining 21% protein. MMA mice were fed standard chow (21% protein content). Among the

30 animals, 25 were found dead, 3 were euthanized due to moribund state (prostration,

decreased motor activity, inability to right, cold to touch, pale, and/or tremors), and 2 were ter-

minated at 7.5 months of age at the end of the study.

(TIF)

S5 Fig. Kaplan-Meier survival curves of MMA mice on a transient low protein diet. Nursing

dams were on a 21% protein diet (standard chow) until pups were PND 14. Randomly selected

litters were provided with a 12% protein diet between PND 14 and 49 and then returned to the

21% protein diet. The rest of the litters were on a 21% protein diet throughout their life span.

Color-matched arrows on top represent the time periods in which the % protein diets were

provided. All pups were weaned on PND 28. Log-rank test demonstrated a significantly better

survival of MMA mice provided with the 12% protein diet (P< 0.01), indicating that a tran-

sient, low protein diet can offer significant benefit to the MMA mice, although the effect is

only temporary.

(TIF)

S6 Fig. Body weight of MMA mice and their heterozygous littermates. (A) Animals were

dosed with vehicle or 1×1014 vg/kg mLB-001 on PND 1. Nursing dams were kept on the stan-

dard 21% protein diet until PND 14, when the diet was switched to a 12% protein diet. Pups

were weaned on PND 28 and maintained on the 12% protein diet. At 3 months of age, all sur-

viving animals were switched to the standard chow with 21% protein content and then to a

40% protein diet at 4 months of age. Animals were monitored until 6 months of age. (B) Ani-

mals were dosed with vehicle, 2.5×1013, 5×1013 or 1×1014 vg/kg mLB-001 on PND 1. Other

procedures are the same as for (A). (C) Animals were maintained on the 12% protein diet and

dosed with vehicle or 5×1013 vg/kg mLB-001 at 8 weeks of age. At 3 months post-dosing, the

diet was switched to the standard chow with 21% protein content and then to a 40% protein

diet at 4 months post-dosing. Animals were monitored until 8 months of age.

(TIF)

S7 Fig. Serum albumin concentrations of MMA mice treated with vehicle or mLB-001 on

PND 1. Animals were injected with vehicle or mLB-001 at PND1. Blood samples were col-

lected monthly post-dosing and subjected to ELISA for mouse total albumin. Two-way analy-

sis of variance reveals no significant difference among the dosing groups and no significant

change over time for all groups.

(TIF)

S8 Fig. Immunohistochemistry analysis of MMUT in the liver of an MMA mouse treated

with mLB-001 at 8 weeks of age. Animals were injected with 5×1013 vg/kg mLB-001 at 8

weeks of age. Terminal liver tissues were collected at 6 months post-dosing and subjected to

immunohistochemistry analysis for MMUT. Images of a representative animal is shown. The

scale bars represent 1 mm (left) and 200 μm (right).

(TIF)

S9 Fig. MMUT holo-mutase activity in liver. MMA mice (-/-) or heterozygous mice (+/-)

were treated with 1×1014 vg/kg mLB-001 at PND 1 (D1) or 5×1013 vg/kg mLB-001 at 8 weeks

of age (W8). Terminal samples were analyzed at 6 months post-dosing. The mutase activity

unit is defined as the amount of the enzyme that converted methylmalonyl CoA to succinyl
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CoA (μmol/min), and the data were normalized by the total protein in the liver lysates.

(TIF)

S10 Fig. Immunoblot analysis of MMUT in the liver mitochondrial fraction of mice treated

with mLB-001 as neonates or adults. Animals were injected with vehicle or mLB-001 on

PND 1 (A, Neonates) or at 8 weeks of age (B, Adults). Terminal liver tissues were collected at 6

months post-dosing and mitochondrial fractions were isolated. An MMA mouse and a hetero-

zygote (Het) treated with vehicle were used as controls. The full-length MMUT protein is

expected to be ~80 KD. The ~50 KD bands are MMUT-specific and were derived from both

endogenous and mLB-001 delivered proteins. Mitochondrial protein cytochrome C was used

as a loading control.

(TIF)

S11 Fig. Correlations of terminal parameters in MMA mice treated with mLB-001 on PND

1. Animals were killed at 6 months of age and terminal samples were analyzed for liver geno-

mic DNA integration, liver fused mRNA level, liver MMUT expression by immunohistochem-

istry, plasma ALB-2A by ELISA and methylmalonic acid by LC-MS/MS. Straight lines

represent the best fit to the data by simple linear regression. In these mice, 1000 μg/mL ALB-

2A was equivalent to 5% of total albumin. � P< 0.05, �� P< 0.01, ��� P< 0.001, ���� P<
0.0001, F-test for non-0 slope hypothesis.

(TIF)

S1 Movie. Activities of MMA mice injected with vehicle or mLB-001. Animals were injected

with vehicle or 5×1013 vg/kg mLB-001 at 8 weeks of age. At 5 months post-dosing, two ani-

mals, one from each treatment group, were removed from their home cages and placed

together in a freshly prepared cage. The video was recorded within 2 minutes of the animal

placement in the cage.

(GIF)

S1 Raw images. Original blot images.

(PDF)

S1 Table. Raw data used to generate figures.

(PDF)

Acknowledgments

We thank Dr. Charles Venditti of National Human Genome Research Institute, National Insti-

tutes of Health, for providing the Mmut-/-;TgINS-MCK-Mmut mice. We thank Dr. Mark A. Kay

and Dr. Mariana Nacht for comments and critical reading of the manuscript.

Author Contributions

Conceptualization: Shengwen Zhang, Kyle Chiang, B. Nelson Chau.

Data curation: Shengwen Zhang, Jing Liao, B. Nelson Chau.

Formal analysis: Shengwen Zhang, Susana Gordo, Jing Liao.

Investigation: Shengwen Zhang, Susana Gordo, Kyle Chiang, B. Nelson Chau.

Methodology: Shengwen Zhang, Amy Bastille, Susana Gordo, Nikhil Ramesh, Jenisha Vora,

Elizabeth McCarthy, Xiaohan Zhang, Dylan Frank, Chih-Wei Ko, Carmen Wu, Noel

Walsh, Shreya Amarwani, Jing Liao, Qiang Xiong, Lauren Drouin, Matthias Hebben, Kyle

Chiang, B. Nelson Chau.

PLOS ONE GeneRide therapy for methylmalonic acidemia

PLOS ONE | https://doi.org/10.1371/journal.pone.0274774 September 20, 2022 19 / 22

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0274774.s010
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0274774.s011
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0274774.s012
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0274774.s013
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0274774.s014
https://doi.org/10.1371/journal.pone.0274774


Project administration: Shengwen Zhang, Kyle Chiang, B. Nelson Chau.

Resources: Shengwen Zhang, Amy Bastille, Susana Gordo, Nikhil Ramesh, Jenisha Vora, Eliz-

abeth McCarthy, Xiaohan Zhang, Dylan Frank, Chih-Wei Ko, Carmen Wu, Noel Walsh,

Shreya Amarwani, Jing Liao, Qiang Xiong, Lauren Drouin, Matthias Hebben, Kyle Chiang,

B. Nelson Chau.

Supervision: Shengwen Zhang, Susana Gordo, Jing Liao, Qiang Xiong, Lauren Drouin, Mat-

thias Hebben, Kyle Chiang, B. Nelson Chau.

Validation: Shengwen Zhang, Jing Liao, Matthias Hebben, B. Nelson Chau.

Visualization: Shengwen Zhang.

Writing – original draft: Shengwen Zhang.

Writing – review & editing: Shengwen Zhang, Amy Bastille, Susana Gordo, Nikhil Ramesh,

Jenisha Vora, Elizabeth McCarthy, Xiaohan Zhang, Dylan Frank, Chih-Wei Ko, Carmen

Wu, Noel Walsh, Shreya Amarwani, Jing Liao, Qiang Xiong, Lauren Drouin, Matthias Heb-

ben, Kyle Chiang, B. Nelson Chau.

References

1. Manoli I, Sloan JL, Venditti CP. Isolated Methylmalonic Acidemia. In: Adam M, Ardinger H, Pagon P,

editors. GeneReviews. University of Washington; 2005.

2. Hörster F, Baumgartner MR, Viardot C, Suormala T, Burgard P, Fowler B, et al. Long-Term Outcome in

Methylmalonic Acidurias Is Influenced by the Underlying Defect (mut0, mut-, cblA, cblB). Pediatr Res.

2007; 62: 225–230. https://doi.org/10.1203/PDR.0b013e3180a0325f PMID: 17597648

3. Forny P, Hörster F, Ballhausen D, Chakrapani A, Chapman KA, Dionisi-Vici C, et al. Guidelines for the

diagnosis and management of methylmalonic acidaemia and propionic acidaemia: First revision. J

Inherit Metab Dis. 2021; 44: 566–592. https://doi.org/10.1002/jimd.12370 PMID: 33595124

4. Niemi AK, Kim IK, Krueger CE, Cowan TM, Baugh N, Farrell R, et al. Treatment of Methylmalonic Acid-

emia by Liver or Combined Liver-Kidney Transplantation. J Pediatr. 2015; 166: 1455–1461. https://doi.

org/10.1016/j.jpeds.2015.01.051 PMID: 25771389

5. Jiang YZ, Zhou GP, Wu SS, Kong YY, Zhu ZJ, Sun LY. Safety and efficacy of liver transplantation for

methylmalonic acidemia: A systematic review and meta-analysis. Transplant Rev. 2021; 35: 100592.

https://doi.org/10.1016/j.trre.2020.100592 PMID: 33422927

6. Chandler RJ, Venditti CP. Long-term rescue of a lethal murine model of methylmalonic acidemia using

adeno associated viral gene therapy. Mol Ther. 2010; 18: 11–16. https://doi.org/10.1038/mt.2009.247

PMID: 19861951

7. Chandler RJ, Venditti CP. Pre-clinical efficacy and dosing of an AAV8 vector expressing human methyl-

malonyl-CoA mutase in a murine model of methylmalonic acidemia (MMA). Mol Genet Metab. 2012;

107: 617–619. https://doi.org/10.1016/j.ymgme.2012.09.019 PMID: 23046887

8. Carrillo-Carrasco N, Chandler RJ, Chandrasekaran S, Venditti CP. Liver-directed recombinant adeno-

associated viral gene delivery rescues a lethal mouse model of methylmalonic acidemia and provides

long-term phenotypic correction. Hum Gene Ther. 2010; 21: 1147–1154. https://doi.org/10.1089/hum.

2010.008 PMID: 20486773

9. Sénac JS, Chandler RJ, Sysol JR, Li L, Venditti CP. Gene therapy in a murine model of methylmalonic

acidemia using rAAV9-mediated gene delivery. Gene Ther. 2012; 19: 385–391. https://doi.org/10.1038/

gt.2011.108 PMID: 21776024

10. Cunningham SC, Spinoulas A, Carpenter KH, Wilcken B, Kuchel PW, Alexander IE. AAV2/8-mediated

Correction of OTC Deficiency Is Robust in Adult but Not Neonatal Spfash Mice. Mol Ther. 2009; 17:

1340–1346. https://doi.org/10.1038/mt.2009.88 PMID: 19384294

11. Chandrasegaran S, Carroll D. Origins of Programmable Nucleases for Genome Engineering. J Mol

Biol. 2016; 428: 963–989. https://doi.org/10.1016/j.jmb.2015.10.014 PMID: 26506267

12. Barzel A, Paulk NK, Shi Y, Huang Y, Chu K, Zhang F, et al. Promoterless gene targeting without nucle-

ases ameliorates haemophilia B in mice. Nature. 2015; 517: 360–364. https://doi.org/10.1038/

nature13864 PMID: 25363772

PLOS ONE GeneRide therapy for methylmalonic acidemia

PLOS ONE | https://doi.org/10.1371/journal.pone.0274774 September 20, 2022 20 / 22

https://doi.org/10.1203/PDR.0b013e3180a0325f
http://www.ncbi.nlm.nih.gov/pubmed/17597648
https://doi.org/10.1002/jimd.12370
http://www.ncbi.nlm.nih.gov/pubmed/33595124
https://doi.org/10.1016/j.jpeds.2015.01.051
https://doi.org/10.1016/j.jpeds.2015.01.051
http://www.ncbi.nlm.nih.gov/pubmed/25771389
https://doi.org/10.1016/j.trre.2020.100592
http://www.ncbi.nlm.nih.gov/pubmed/33422927
https://doi.org/10.1038/mt.2009.247
http://www.ncbi.nlm.nih.gov/pubmed/19861951
https://doi.org/10.1016/j.ymgme.2012.09.019
http://www.ncbi.nlm.nih.gov/pubmed/23046887
https://doi.org/10.1089/hum.2010.008
https://doi.org/10.1089/hum.2010.008
http://www.ncbi.nlm.nih.gov/pubmed/20486773
https://doi.org/10.1038/gt.2011.108
https://doi.org/10.1038/gt.2011.108
http://www.ncbi.nlm.nih.gov/pubmed/21776024
https://doi.org/10.1038/mt.2009.88
http://www.ncbi.nlm.nih.gov/pubmed/19384294
https://doi.org/10.1016/j.jmb.2015.10.014
http://www.ncbi.nlm.nih.gov/pubmed/26506267
https://doi.org/10.1038/nature13864
https://doi.org/10.1038/nature13864
http://www.ncbi.nlm.nih.gov/pubmed/25363772
https://doi.org/10.1371/journal.pone.0274774


13. Kim JH, Lee SR, Li LH, Park HJ, Park JH, Lee KY, et al. High Cleavage Efficiency of a 2A Peptide

Derived from Porcine Teschovirus-1 in Human Cell Lines, Zebrafish and Mice. PLoS One. 2011; 6:

e18556. https://doi.org/10.1371/journal.pone.0018556 PMID: 21602908

14. Manoli I, Sysol JR, Epping MW, Li L, Wang C, Sloan JL, et al. FGF21 underlies a hormetic response to

metabolic stress in methylmalonic acidemia. JCI Insight. 2018; 3: e124351. https://doi.org/10.1172/jci.

insight.124351 PMID: 30518688

15. Grimm D, Lee JS, Wang L, Desai T, Akache B, Storm TA, et al. In Vitro and In Vivo Gene Therapy Vec-

tor Evolution via Multispecies Interbreeding and Retargeting of Adeno-Associated Viruses. J Virol.

2008; 82: 5887–5911. https://doi.org/10.1128/JVI.00254-08 PMID: 18400866

16. Cabanes-Creus M, Hallwirth C v, Westhaus A, Ng BH, Liao SHY, Zhu E, et al. Restoring the natural tro-

pism of AAV2 vectors for human liver. Sci Transl Med. 2020; 12: eaba3312. https://doi.org/10.1126/

scitranslmed.aba3312 PMID: 32908003

17. Chandler RJ, Venditti CP. Adenovirus-mediated gene delivery rescues a neonatal lethal murine model

of mut0 methylmalonic acidemia. Hum Gene Ther. 2008; 19: 53–60. https://doi.org/10.1089/hum.2007.

0118 PMID: 18052792

18. Clayton DA, Shadel GS. Isolation of mitochondria from animal tissue. Cold Spring Harbor Protocols.

2014; 2014: 1112–1114. https://doi.org/10.1101/pdb.prot080010 PMID: 25275105

19. Ouattara B, Duplessis M, Girard CL. Optimization and validation of a reversed-phase high performance

liquid chromatography method for the measurement of bovine liver methylmalonyl-coenzyme a mutase

activity. BMC Biochem. 2013; 14: 25. https://doi.org/10.1186/1471-2091-14-25 PMID: 24131771

20. Chandler RJ, Venturoni LE, Liao J, Hubbard BT, Schneller JL, Hoffmann V, et al. Promoterless, Nucle-

ase-Free Genome Editing Confers a Growth Advantage for Corrected Hepatocytes in Mice With Methyl-

malonic Acidemia. Hepatology. 2021; 73: 2223–2237. https://doi.org/10.1002/hep.31570 PMID:

32976669

21. Jiang YZ, Shi Y, Shi Y, Gan LX, Kong YY, Zhu ZJ, et al. Methylmalonic and propionic acidemia among

hospitalized pediatric patients: A nationwide report. Orphanet J Rare Dis. 2019; 14: 292. https://doi.org/

10.1186/s13023-019-1268-1 PMID: 31842933

22. Forny P, Hochuli M, Rahman Y, Deheragoda M, Weber A, Baruteau J, et al. Liver neoplasms in methyl-

malonic aciduria: An emerging complication. J Inherit Metab Dis. 2019; 42: 793–802. https://doi.org/10.

1002/jimd.12143 PMID: 31260114

23. Silver LM. Mouse Genetics: Concepts and Applications. Genetical Research. Oxford University Press;

1995. https://doi.org/10.1017/S001667230003411X
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