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Background: Isolated methylmalonic acidemia/aciduria (MMA) is an ultra-rare, serious, inherited metabolic dis-
order with significant morbidity and mortality. Exogenously delivered mRNA encoding human methylmalonyl-
CoAmutase (hMUT), the enzymemost frequently mutated inMMA, is a potential therapy to produce functional
MUT enzyme in liver.
Methods: Two 12-week repeat-dose studies were conducted to evaluate the efficacy and safety of intravenously-
administered hMUTmRNA encapsulated in lipid nanoparticles in two murine models of MMA.
Findings: In MMA hypomorphic mice, hMUTmRNA treatment resulted in dose-dependent and reproducible bio-
marker responses after each dose. Enzymatically-active MUT protein was produced in liver in a dose-dependent
manner. hMUTmRNAwaswell-toleratedwith no adverse effects, as indicated by the lack of clinical observations,
minimal changes in clinical chemistry parameters, and histopathology examination across all tissues. In severe
MMAmice, hMUTmRNA led to substantially improved survival and growth and ameliorated biochemical abnor-
malities, all of which are cardinal clinical manifestations in severely affected patients.
Interpretation: These data demonstrate durable functional benefit of hMUT mRNA and support development of
this new class of therapy for a devastating, pediatric disorder.
Fund: This work was funded by Moderna, Inc.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Isolated methylmalonic acidemia/aciduria (MMA) is an ultra-rare,
devastating, life-threatening inherited metabolic disorder with no ap-
proved therapies that address the underlying defect. It is primarily
caused by a defect or deficiency in the vitamin B12-dependent mito-
chondrial enzyme, methylmalonyl-coenzyme A (CoA) mutase (MUT,
EC 5.4.99.2) [1,2]. The deficiency in MUT causes a metabolic block in
the propionate metabolism pathway, resulting in marked accumulation
of toxic metabolites such as methylmalonic acid (the name-giving or-
ganic acid) [1,3–5]. MMA due to MUT deficiency (OMIM #251000)
can be further classified into defects without (mut0) or with residual
(mut−) enzyme activity.

MMA is a pediatric disorder with significant morbidity and mortal-
ity. Despite dietary and supportive management, the overall long-
term outcomes forMMA patients remain poor, particularly for mut0 pa-
tients [4–6]. Patients suffer from numerous complications, including
.
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growth retardation, chronic renal failure, neurologic complications,
and intermittent life-threatening metabolic decompensations [4–6].
Elective liver transplantation (LT), or combined liver-kidney transplan-
tation (LKT) for patients with renal failure, have emerged as potential
treatment options for severely affected individuals. Transplanted pa-
tients display substantial reductions in circulating methylmalonic acid
and markedly fewer metabolic decompensations [7–12]. While the
transplant experience highlights liver as a major metabolic organ for
the disorder, LT/LKT as a treatment option is limited by the risks of the
procedure itself and the availability of donors. Thus, there remains a
dire unmet medical need in this population.

Exogenously delivered mRNA therapy is emerging as a new thera-
peutic modality with the potential to treat myriad disorders including
mitochondrial enzymopathies like MMA. Systemic administration of
mRNA encapsulated in lipid nanoparticle (LNP) primarily induces pro-
tein expression in liver [13–17]. Low levels of expression of protein
have also been reported in spleen [17]. Within the liver, hepatocytes
are the primary target cell type, where dose-dependent protein expres-
sion has been observed following systemic administration of a reporter
mRNA encoding enhanced green fluorescent protein (eGFP)
ons.org/licenses/by-nc-nd/4.0/).
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Research in context

Evidence before this study

IsolatedMMA is a pediatric disorderwith significantmorbidity and
mortality. The disorder is primarily caused by a defect or defi-
ciency in the mitochondrial enzyme, MUT. There are no approved
therapies that address the underlying defect of the disorder. De-
spite dietary and supportive management, the overall long-term
outcomes for MMA patients remain poor. Thus, there remains a
dire unmet medical need in this population. Previous preclinical
in vitro and short-term in vivo studies demonstrated proof-of-
concept for hMUT mRNA as a novel therapeutic approach to re-
store functional enzyme in liver.

Added value of this study

We describe a comprehensive preclinical evaluation of the long-
term efficacy, safety and tolerability of hMUT mRNA therapy in
two separate 12-week studies in two different murine models of
MMA that represent the spectrumofMUT deficiency. These stud-
ies demonstrate sustained pharmacology and durable functional
benefit for hMUTmRNA in relevant murinemodels of disease. Ad-
ditionally, hMUT mRNA therapy was well-tolerated with no ad-
verse side effects in both mouse models.

Implications of all the available evidence

These data collectively support the clinical development of this in-
vestigational mRNA medicine for a devastating, pediatric,
inherited metabolic disorder with no other effective treatment op-
tions other than solid organ transplantation.
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encapsulated in LNPs [17]. LNP-encapsulated mRNA is internalized by
hepatocytes via opsonization of LNPs by apolipoprotein E (ApoE)
followed by receptor-mediated endocytosis [18].

Full realization of the potential of systemic mRNA therapy requires
the ability to achieve long-term efficacy and safety upon repeated sys-
temic dosing of mRNA, due to the limited duration of mRNA-encoded
proteins. Although preclinical proof-of-concept studies have evaluated
mRNA-encoded intracellular and secreted therapeutic proteins in
various animal models of disease with liver as the target organ
[17,19–25], the ability to chronically, effectively and safely dose exoge-
nousmRNAs with consistent and sustained pharmacology in long-term
preclinical studies has not been reported to date. Furthermore, addi-
tional long-term studies evaluating hMUT mRNA are required to sup-
port the clinical development of this novel therapy in a primarily
pediatric population. Here, we describe a comprehensive preclinical
evaluation of the long-term efficacy, safety and tolerability of hMUT
mRNA therapy in two separate 12-week studies in two murine models
of MMA that represent the spectrum of MUT deficiency. These studies
underscore the durable functional benefit of mRNA therapy to poten-
tially treat this devastating pediatric disorder.

2. Materials and methods

2.1. mRNA production and formulation

mRNA was synthesized and formulated in LNPs as described previ-
ously [26–28]. The same biodegradable, ionizable LNP described in our
previous studies [19] was used in the current set of studies. The full
sequences of hMUT mRNA and eGFP mRNA are specified in Table S1
and Table S2 respectively. Briefly, mRNA was synthesized in vitro by
T7 RNA polymerase-mediated transcription with 5-methoxy UTP in
place of UTP. The linearizedDNA template incorporates the 5′ and 3′ un-
translated regions (UTRs) and the poly-A tail. After purification, the
mRNA was diluted in 50 mM sodium acetate (pH 5) and mixed with
lipids dissolved in ethanol (50:10:38.5:1.5; ionizable: helper: structural:
polyethyleneglycol) at a ratio of 3:1 (mRNA:lipids). The final product
was filtered through a 0.22 μm filter and stored in pre-sterilized vials
frozen until use. All formulations were tested for particle size, RNA en-
capsulation, and endotoxin and were found to be b100 nm in size,
with N80% encapsulation, and b10 EU/mL endotoxin.

2.2. Murine models of methylmalonic acidemia

Animals studies were approved by the Institutional Animal Care and
Use Committee at Moderna. Mut−/− mice harbor a deletion of exon 3
which encodes the putative substrate-binding pocket in the MUT en-
zyme. ThisMut allele is null and unable to produce mature RNA or pro-
tein [29,30].Mut−/−;TgINS-MCK-Mutmice express theMut gene under the
control of a muscle-specific creatine kinase (MCK) promoter which re-
sults in the rescue of mice from neonatal lethality; however, these
mice display significant mortality, severe metabolic perturbations,
growth retardation, and a hepatorenal mitochondriopathy [31]. Levels
of plasma methylmalonic acid, a key toxin that accumulates directly
due to the causative enzymatic deficiency, are massively elevated com-
pared to wild type littermates and are similar to levels found in severe
MMA patients [31]. Mut−/−;TgINS-CBA-G715V hypomorphic mice ubiqui-
tously express a mouse orthologue (p.G715 V) of a mutation described
in MMA mut− patients (p.G717 V) under the control of an enhanced
chicken β-actin (CBA) promoter in Mut−/− mice [32]. Similar to mut−

patients, thesemice have reduced but not complete loss ofMUTenzyme
activity resulting in significant elevations of disease-associated toxic
metabolites such as methylmalonic acid. These mice have decreased
MUT activity in all tissues and moderately increased plasma
methymalonic acid concentrations in the blood, similar to MMA pa-
tients harboring the p.G717 V mutation [32]. Mut+/− mice were used
as littermate controls in the current study given that their biochemical
parameters are identical to Mut+/+ mice [33].

Sample sizes for the 12-week repeat dose studies in both murine
models of MMA were determined from power calculations. For the
12-week study in MMA hypomorphic (Mut−/−;TgINS-CBA-G715V) mice, a
sample size of n = 11/group was determined based on power calcula-
tions to detect a N 50% decrease in plasma methylmalonic acid concen-
trations between treated and control arms with 80% power and 5%
significance level assuming a two-tailed unpaired t-test and equal vari-
ances between groups. For the 12-week study in the more severe MMA
murine model (Mut−/−;TgINS-MCK-Mut), a sample size of n = 6/group
was determined from power calculations using a two-tailed log-rank
test to detect a ≥ 70% difference of survival rates between treatment
arms assuming 15% and 85% survival rates in control and treatment
arms, respectively, with 80% power and 5% significance level. All study
groups were equally balanced for male and female mice. Groups in the
MMA hypomorphic mouse study consisted of 4–8week old n=5–6 fe-
male and n= 5–6 male mice. Similarly, groups in the 12-week study in
severe MMAMut−/−;TgINS-MCK-Mut mice consisted of 3–6 week old n =
3 female and n= 3male mice. A group of unaffectedMut+/− littermate
controlmicewere included in both studies (n=11 [6 female, 5male] in
the hypomorphic study, n = 6 [3 female, 3 male] in the severe MMA
mouse study). A separate cohort (n = 5; 2 female, 3 male) of
6–11 week old Mut−/−;TgINS-MCK-Mut mice was utilized to evaluate en-
dogenous tissue biomarker concentrations for the 12-week study in se-
vere MMA mice.

All mice were randomly assigned to study groups based on age and
body weight. IV injections were administered via the tail vein. In-life
blood collection was via submandibular bleed and terminal blood col-
lection was by cardiac puncture. Mice were perfused prior to tissue col-
lection to avoid blood contamination.
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2.3. Clinical observations

Clinical observations were performed and recorded at least 5 times
per week in both studies. Detailed clinical observations included, but
were not limited to, identification of clinical signs related to: general ap-
pearance (e.g., skin, fur, changes in eyes, eyeballs and mucous mem-
branes; presence or absence of discharge), body position and posture
(e.g., hunchback posture), autonomic nervous system function
(e.g., lacrimation, piloerection, pupil diameter, respiration, excretion),
motor coordination, ambulatory abnormalities, reaction to being han-
dled and to environmental stimulation, nervous system (e.g., tremor,
convulsion, muscular contractions), changes in exploratory behavior,
ordinary behavior (e.g., changes in grooming, headshaking, gyration),
abnormal behavior (e.g., autophagia, backward motion, abnormal vo-
calization) and aggression.

2.4. Quantification of plasma methylmalonic acid, 2-methylcitrate, C3 and
C2 concentrations

Plasma methylmalonic acid and 2-methylcitrate were analyzed and
quantified by liquid chromatography–tandem mass spectrometry (LC-
MS/MS) as described previously [34]. C3 and C2 carnitine concentra-
tions were quantified by ion-exchange solid-phase extraction,
derivatizedwith pentafluorophenacyl trifluoromethanesulfonate, sepa-
rated by high performance liquid chromatography, and detected with
an ion trap mass spectrometer as described previously [35]. The lower
levels of quantification (LLOQ) for these metabolite assays are: 5 or 10
μM, depending on the dilution, for plasma methylmalonic acid, 0.5 μM
for 2-methylcitrate, 0.1 μM for plasma C3, and 2 μM for plasma C2.
Values below the LLOQ were imputed as 0.

2.5. Quantification of tissue methylmalonic acid and 2-methylcitrate levels

Tissue samples were homogenized using an Omni Bead Ruptor fol-
lowing addition of 4 eq (w/v) of 80:20 water: acetonitrile.
Methylmalonic acid and 2-methylcitrate extracts were derivatized
with BuOH/HCl to generate the corresponding butyl ester derivatives
of each analyte respectively and analyzed and quantified by LC-MS/MS
as described previously [34]. The LLOQs are: 0.1 μmol/g tissue or 0.2
μmol/g tissue, depending on the dilution, for tissue methylmalonic
acid and 10 nmol/g tissue for 2-methylcitrate. Values below the LLOQ
were imputed as 0. All metabolite assays for plasma and tissuematrices
were conducted in a blinded fashion.

2.6. Quantification of tissue hMUT protein levels

hMUT protein concentrations in mouse tissues following hMUT
mRNA administration were quantified by LC-MS/MS in a blinded fash-
ion. Tissues were homogenized in 100 mM ammonium bicarbonate
buffer with 8 M urea. Human MUT isotopically labeled signature pep-
tides (humanMUT specific peptide, IIADIFEYTAK*, in which natural car-
bon and nitrogen atoms on lysine were fully replaced with 13C and 15N
isotopes, respectively; Thermo Pierce, Rockford, IL) were used as inter-
nal standards and spiked into each sample. Liver proteins were dena-
tured, followed by reduction using 5 mM tris (2-carboxyethyl)
phosphine hydrochloride (75,259, Sigma-Aldrich Inc., St. Louis, MO) at
37 °C for 1 h, alkylation with 10 mM iodoacetamide (I6125, Sigma-
Aldrich Inc., St. Louis, MO) at 25 °C in the dark, and then digestion at
37 °C for 15 h with trypsin (trypsin:protein = 1:50 w/w; Catalog
#V5280, Promega Inc., Madison, WI). The trypsin digestion reaction
was stopped by adding formic acid (28,905, Thermo Fisher Scientific,
Waltham, MA). Samples were desalted on the SOLA plate (60309–001,
Thermo Fisher Scientific, Waltham, MA), dried, and resuspended in
water with 2% acetonitrile and 0.1% formic acid (A955–1, LS120–1,
Fisher Scientific, Waltham, MA). Total protein (0.25 μg) was loaded
onto the column (75 μm × 15 cm column packed with Waters Acquity
BEH resin 1.7 μm×130Å) and subjected to LC-MS/MS analysis (Thermo
Easy 1000 nano-UPLC, Orbitrap Fusion Mass Spectrometer, Thermo
Fisher Scientific, Waltham, MA). Water (A) and acetonitrile (B) with
0.1% formic acid were used for LC separation. The flow rate was
300 nL/min. The gradient was as follows: 2% B to 7% B in 5 min; 7% to
35% B in 45 min; 35% to 80% B in 5 min; 80% to 95%B in 2 min; and
95% B for 5 min. The mass spectrometry was performed in continuous
PRM mode: spray voltage: 1900 V; S-lens RF: 60%; isolation width: 1.4
m/z; HCD: 30% collision energy; detector: orbitrap; resolution: 60,000;
scan range: 100–1800 m/z; AGC: 5E4; max injection time: 200 ms.
The LLOQ was 0.5 ng/mg protein and values below the LLOQ were im-
puted as 0.

2.7. Quantification of total MUT enzyme activity in liver

MUT activitywas determined bymethods described previously [36].
Briefly, lysates were incubated with 5′-deoxyadenosylcobalamin (200
μM, C0884, Sigma-Aldrich Inc., St. Louis, MO) and a racemic mix of
methylmalonyl-CoA (1 mM; M1762, Sigma-Aldrich Inc., St. Louis, MO)
at 37 °C for 15 min. MUT enzyme reactions were terminated by the ad-
dition of 100 g/L trichloroacetic acid (2.5%; T6399 Sigma-Aldrich Inc., St.
Louis, MO) with vortexing. Samples were centrifuged at 13,000g for
5 min. Chromatographic separation and quantification were accom-
plished with HPLC. Supernatants (20 μL) were injected and separated
on a Poroshell EC-C18 120HPLC column (695975–302, Agilent Technol-
ogies, Santa Clara, CA) equilibrated with100 mM acetic acid (A6283,
Sigma Aldrich Inc., St. Louis, MO) in 100 mM sodium phosphate
(AC343815000, Fisher Scientific, Waltham, MA) buffer, pH 7.0 (Solvent
A). Solvent Bwas prepared by addition of 18% v/vmethanol in Solvent A.
Elution was performed with a linear methanol gradient: Solvent B in-
creased from 0 to 95% from 0 to 15min (95% Solvent B) and then stayed
at 95% from 15 to 25 min (95%) with a flow rate of 0.5 mL/min.

2.8. Clinical chemistry panel

Blood samples were collected into a syringe and then transferred
into serum separator tubes and allowed to clot for at least 20 min (not
to exceed 1 h), then centrifuged at room temperature for at least
15 min. The resulting serum samples were frozen on dry ice as soon
as possible until stored in a freezer set to maintain −20 °C until ship-
ment to IDEXX (3 Centennial Dr., North Grafton, MA 01536) for sample
analysis. Clinical chemistry parameters were measured in a blinded
manner by a standard chemistry analyzer as described by IDEXX.

2.9. Histopathology

Histopathological evaluation was performed by an experienced vet-
erinary pathologist on a full panel of tissues identified in Table S5 from
all mice at the end of the 12-week study in MMA hypomorphic mice.
Tissues were collected and embedded in paraffin, sectioned, mounted
on glass slides, and stained with hematoxylin and eosin. A complete
gross pathological examination was performed in addition to a detailed
microscopic evaluation of all tissues.

2.10. Statistical analysis

All data are presented asmean± standard error of themean (SEM).
Statistical analyses and descriptive statistics were performed using
Prism7 (GraphPad) or SAS version 9.4. TheD'Agostino and Pearson nor-
mality test was performed to ensure the data met the normality as-
sumptions of statistical tests. A repeated measures ANOVA was
performed to analyze plasma disease biomarkers from the 12-week
study in MMA hypomorphic mice. Continuous variables assessed at
the end of the study (e.g. tissue biomarkers concentrations, liver
hMUT protein and enzyme activity, clinical chemistry) were analyzed
with a one-way ANOVA followed by Dunnett's or Tukey's post-hoc
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pairwise comparisons tests or its nonparametric equivalent. Categorical
variables were analyzed using Fisher's exact test. The log-rank test was
used to compare survival curves between study groups in the 12-week
study in severe MMA mice. Plasma disease biomarkers in severe MMA
mice were compared to pre-treatment baseline levels using paired t-
tests. Two-tailed p values b.05 were considered statistically significant.

3. Results

3.1. Dose-dependent amelioration of biochemical abnormalities in a 12-
week study in MMA hypomorphic mice

A 12-week repeat dose study was conducted in a hypomorphic mu-
rine model of MMA MUT deficiency (Mut−/−;TgINS-CBA-G715V) to evalu-
ate the long-term efficacy, safety and tolerability of hMUT mRNA
formulated in LNPs. Baseline (pre-treatment) characteristics of age,
sex, body weight (Table S3) and plasma biomarkers (Fig. 1a–c) were
similar across all study groups in MMA hypomorphic mice.

To determine the optimal dosing interval, plasma biomarkers were
monitored for 4 weeks following a single IV injection of PBS control,
eGFP control mRNA formulated in LNPs (2 mg/kg), or hMUTmRNA for-
mulated in LNPs (0.1, 0.5 or 2 mg/kg; n = 11–12/group). Plasma
methylmalonic acid concentrations were substantially decreased
(N80% mean decrease compared to baseline) 1 week following the
first IV dose of 0.5 or 2 mg/kg hMUT mRNA in MMA hypomorphic
mice (Fig. 1a). A smaller reduction (31%) was observed in the
Fig. 1. hMUTmRNA treatment ameliorates disease biomarkers and restores functional MUT pro
received repeat IV injections of either PBS control, eGFPmRNA control (2 mg/kg), or hMUT mR
plasma methylmalonic acid (a), 2-methylcitrate (b) and C3/C2 carnitine ratio (c). An addition
timing of IV administration of test and control articles (weeks 0, 4, 6, 8, 10, 12). (d–e) Meth
tissues (liver, kidney, and skeletal muscle) at the end of the 12-week study (24 h after last d
activity (g) were assessed in liver at the end of the 12-week study (24 h after the last dose,
Mut−/−;TgINS-CBA-G715V group, #p b .05 compared to eGFPmRNA-injectedMut−/−;TgINS-CBA-G71
0.1 mg/kg hMUT mRNA group 1-day post-dose. A dose-dependent re-
bound to near-baseline concentrations was observed with the 0.1, 0.5,
and 2.0 mg/kg hMUT mRNA dose groups at 1, 2, and 3 weeks post-
dose, respectively. In contrast, no metabolic response in plasma
methylmalonic acid was observed in either control group (PBS and
eGFP mRNA). Similar plasma biomarker responses were observed for 2
additional primary disease-associated toxic metabolites, 2-
methylcitrate and C3/C2 carnitine ratio (Fig. 1b–c). Based on these
data, a dosing interval of every 2 weeks was chosen for the remainder
of the study. All hypomorphic mice received 5 additional IV bolus injec-
tions of PBS, eGFP mRNA, or hMUT mRNA every 2 weeks for the next
8weeks. Similar to the first 4weeks of the study, a dose-dependent bio-
marker response to hMUT mRNA was observed over the remainder of
the study in contrast to control groups (PBS and eGFPmRNA) (Fig. 1a–
c). Collectively these plasma biomarker data demonstrate the dose-
dependent bioactivity of hMUT mRNA throughout the entirety of the
12-week study in MMA hypomorphic mice.

Methylmalonic acid and 2-methylcitrate concentrations were
assessed in key disease tissues (liver, kidney, and skeletal muscle) at
the end of the 12-week study. Concentrations of both biomarkers
were significantly lower (p b .05 from Tukey's pairwise comparison fol-
lowing a one-way ANOVA) in all key disease tissues in hypomorphic
mice treated with 0.5 and 2 mg/kg hMUT mRNA compared to PBS and
eGFPmRNA controls (Fig. 1d). Indeed, hypomorphic mice treated with
0.5 and 2 mg/kg hMUT mRNA had nearly undetectable levels of these
biomarkers in liver, similar to unaffected Mut+/− littermate mice.
tein in liver in MMA hypomorphic mice. (a–c)Mut−/−;TgINS-CBA-G715V hypomorphic mice
NA (0.1, 0.5 or 2 mg/kg) formulated in LNPs (n = 10–12/group) and were monitored for
al cohort of unaffectedMut+/− mice received repeat IV injections of PBS. Arrows denote
ylmalonic acid (d) and 2-methylcitrate (e) concentrations were assessed in key disease
ose, n = 10–12/group). (f–g) hMUT protein concentrations (f) and total MUT enzyme
n = 10–12/group). Data presented as mean ± SEM. *p b .05 compared to PBS-injected
5V group from Tukey's pairwise comparison test following a one-way ANOVA (D-G).
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3.2. Dose-dependent restoration of functional MUT enzyme in liver due to
hMUT mRNA in MMA hypomorphic mice

hMUTmRNA treatment resulted in dose-dependent increases in he-
patic hMUT protein and enzyme activity at the end of the 12-week
study. Hepatic hMUT protein concentrations, quantified with an LC-
MS/MS method using a human-specific detection peptide, were 18.1
± 3.3, 61.2 ± 15.3 and 234.6 ± 75.6 ng/mg protein in mice treated
with 0.1, 0.5 and 2 mg/kg hMUT mRNA, respectively (Fig. 1f). Similarly,
liver MUT enzyme activity levels were 8.8 ± 5.4, 28.5 ± 7.4 and 67.1 ±
25.7 nmol/min/mg protein in mice treated with 0.1, 0.5 and 2 mg/kg
hMUTmRNA, respectively (Fig. 1g).

To determine the bio-distribution of mRNA expressed hMUT pro-
tein, a separate single dose study was performed. Mut−/−;TgINS-CBA-
G715V mice received a single IV bolus dose administration of LNP-
encapsulated hMUT mRNA (n = 18) or eGFP mRNA (n = 12) at
0.5 mg/kg and were sacrificed at 24 h. hMUT protein concentrations in
six tissues (liver, spleen, kidney, heart, lung and lymph node) were
measured by LC-MS/MS. hMUT protein concentrations were 65.3 ±
40.8 and 0.6 ± 0.4 ng/mg protein in liver and spleen, respectively, and
not detectable in the remaining tissues (kidney, heart, lung, lymph
node) in mice administered hMUT mRNA (Fig. S3). hMUT protein was
undetectable in all evaluated tissues in eGFP mRNA-injected mice.

3.3. hMUT mRNA therapy was well-tolerated in MMA hypomorphic mice

To evaluate the safety and tolerability of hMUT mRNA therapy in
MMA hypomorphic mice, clinical observations and body weights were
monitored throughout the 12-week study. Clinical observations were
performed at least 5 times per week. No hMUT mRNA-related clinical
findings were identified throughout the entirety of the study. Body
weights and body weight gains were similar between all groups
throughout the study, including unaffected Mut+/− littermate mice
(Fig. S1).

Clinical chemistry was additionally evaluated at the end of the
study in all mice (Fig. 2 & Table S4). Across all clinical chemistry pa-
rameters, no toxicologically-relevant findings were observed. Impor-
tantly, no increase in markers of liver toxicity was observed in hMUT
mRNA treated mice compared to PBS-injected hypomorphic mice
(Fig. 2a–h and Table S4). When compared to phenotypically normal
Mut+/− mice, a slight yet statistically significant increase of liver en-
zymes (serum AST, ALT, ALP) was observed in PBS-injected MMA
hypomorphic mice suggesting mild liver changes in affected mice
(Fig. 2a–c). This is further supported by mild decreases in total pro-
tein, albumin, globulin and cholesterol in PBS-injected hypomorphic
mice compared to unaffected Mut+/− mice (Fig. 2d–f and i). In con-
trast, treatment with 0.5 and 2 mg/kg hMUT mRNA led to dose-
dependent reductions in all liver enzymes and increases in total pro-
tein, albumin, globulin, and cholesterol, suggesting improved liver
health in MMA hypomorphic mice due to mRNA therapy. Addition-
ally, minimal decreases in serum albumin/globulin ratio, sodium,
and chloride were observed in hMUT mRNA-treated versus PBS-
injected hypomorphic mice (Fig. 2g and j–k).

3.4. Histopathology examination revealed minimal microscopic findings in
spleen and potential improvement in hepatic pathology due to hMUT
mRNA therapy

Histopathology examination of a full set of tissues (Table S5) was
performed at the endof the 12-week study to further evaluate the safety
of hMUTmRNA therapy. No gross pathological findings related to hMUT
mRNAwere observed in any tissues. Across all examined tissues, hMUT
mRNA-related microscopic findings were limited to the spleen where a
dose-dependent increase in minimal to mild lymphoid depletion of the
periarteriolar lymphoid sheathwas observed (Table 1). Thisfindingwas
characterized by a decrease in lymphocytes in the region adjacent to the
central arteries (Fig. S2). In addition, a dose-dependent increase in red
pulp cellularity in spleen was observed in MMA hypomorphic mice
treated with hMUT mRNA (Fig. S2). These findings were likely related
to the LNP as they were also observed with similar incidence in
hypomorphic mice administered eGFP mRNA formulated in the same
LNPs at 2 mg/kg.

In the liver, a minimal increase in mitotic figures and centrilobular
hepatocellular hypertrophy was observed in 17.6% (6/34) of
hypomorphic mice administered PBS, eGFP mRNA or hMUT mRNA at
the low dose (0.1 mg/kg) (Table 1, Fig. 2l–n). These findings were not
identified in unaffected Mut+/− littermate mice administered PBS nor
in hypomorphic mice receiving higher, efficacious dose levels of hMUT
mRNA (0.5 mg/kg and 2 mg/kg) (Table 1, Fig. 2l–n). The absence of
these degenerative findings in mice treated with efficacious dose levels
of hMUT mRNA is suggestive of a beneficial effect of hMUT mRNA on
liver pathology.
3.5. hMUTmRNA therapy improved survival, growth, andmetabolic distur-
bances in a 12-week study in severe MMA mice

The efficacious dose level and regimen of hMUT mRNA was further
evaluated in a separate 12-week pharmacology study in a severe
mouse model of MMA, Mut−/−;TgINS-MCK-Mut. We have previously
shown that there is no difference in survival between Mut−/−;TgINS-
MCK-Mutmice that received controlmRNA anduntreatedmice [19]. Addi-
tionally, the 12-week study in MMA hypomorphic mice showed no dif-
ferences in disease biomarkers and metabolic characteristics between
mice injected with eGFP mRNA vs. PBS. Therefore, we did not include
a control mRNA group in the 12-week study in Mut−/−;TgINS-MCK-Mut

mice. Repeat IV administration of hMUT mRNA at 0.5 mg/kg every
2 weeks resulted in a pronounced and highly significant improvement
in survival in severe MMA mice (n = 6/group, p b .001 from log-rank
test, Fig. 3a). All hMUTmRNA treated mice survived the entire duration
of the 12-week study similar to PBS-injected unaffected Mut+/− mice
(Fig. 3a). In marked contrast, PBS-injected severe MMA mice exhibited
a precipitous decline in survival (median study day of death: 1.5 days).

hMUT mRNA-treated mice thrived, as demonstrated by their sub-
stantial improvement in growth. Mean body weights of hMUT mRNA-
treated mice increased 2.7-fold during the 12-week study (Fig. 3b). In-
deed, the body weights of hMUT mRNA-treated mice approached the
body weights of unaffected Mut+/− littermate mice. In contrast, PBS-
injected severe MMA mice gained minimal weight during the period
that they survived.

Correlated with the improvement in survival and growth, hMUT
mRNA-treated mice showed clear and consistent decreases in all 3
plasma biomarkers 1 day and 1 week after each dose administration
(Fig. 3c–e). In contrast, these biomarkers showed nometabolic response
and high variability in PBS-treated MMA mice (Fig. S4).

Tissuemethylmalonic acid and 2-methylcitrate concentrationswere
evaluated in key disease tissues (liver, kidney, skeletal muscle, heart,
brain) of surviving mice at the end of the 12-week study. All PBS-
injected severe MMA mice perished by week 5 of the study (Fig. 3A)
and thus were not available for tissue biomarker evaluation. To deter-
mine biomarker concentrations in untreated mice, tissue biomarkers
were also evaluated in a slightly younger cohort of severe MMA mice
(6–11 weeks old, n = 5). Tissue methylmalonic acid and 2-
methylcitrate concentrations were 45–100% lower in hMUTmRNA ver-
sus PBS-injected severe MMA mice (Fig. 3f–g). Of note, liver biomarker
levels were depleted to normal levels in hMUT mRNA-treated MMA
mice.

hMUT mRNA treatment restored functional MUT enzyme in liver in
severe MMA mice (Fig. 3h–i). Following 12 weeks of treatment, hMUT
protein and activity were detected in liver at concentrations of 113 ±
44.7 ng/mg protein and 23.6 ± 10.3 nmol/min/mg protein 24 h after
the last dose (Fig. 3h–i).



Fig. 2. Minimal changes in clinical chemistry parameters and improved liver histopathology in MMA hypomorphic mice after repeated hMUT mRNA treatment. (a–i) Select clinical
chemistry (serum AST, ALT, ALP, total protein, globulin, albumin, albumin/globulin ratio, total bilirubin, and cholesterol) in Mut+/− and PBS, eGFP mRNA and hMUT mRNA-treated
hypomorphic mice (n = 10–12/group). (j–k) Select clinical chemistry electrolytes (serum sodium and chloride) in Mut+/− and PBS, eGFP mRNA and hMUT mRNA-treated
hypomorphic mice (n = 6–9/group). (l–n) Histology of the liver was examined and representative images of Mut−/−;TgINS-CBA-G715V mice injected with PBS (l) and hMUT mRNA
0.5 mg/kg (m) and Mut+/− (n) are presented. Data presented as mean ± SEM. *p b .05 compared to Mut−/−;TgINS-CBA-G715V PBS group obtained from Dunn's multiple comparisons test
following a Kruskal-Wallis test.
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Finally, in this study, mice were monitored for clinical observa-
tions throughout the study at least 5 times per week. No clinical
signs were observed in hMUT mRNA-treated mice. The lack of clin-
ical observations combined with the survival and body weight
data suggest that hMUT mRNA was well-tolerated in severe MMA
mice.
4. Discussion

Despite dietary and supportive management, MMA patients, partic-
ularly mut0 patients, suffer high morbidity and mortality. Conventional
enzyme replacement therapy is currently not a viable treatmentmodal-
ity for MMA and many other inborn errors of metabolism due to



Table 1
Summary of microscopic findings in spleen and liver in 12-week study in MMA hypomorphic mice.

Genotype Mut+/− Mut−/−;TgINS-CBA-G715V

Treatment PBS PBS eGFP mRNA hMUT mRNA

Dose (mg/kg) NA NA 2 0.1 0.5 2

n 11 11 11 12 10 11

Spleen
Lymphoid depletion PALSa Minimal 0 (0%) 0 (0%) 7 (63.6%) 1 (8.3%) 9 (90.0%) 9 (81.8%)

Mild 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 1 (9.1%)
Increased cellularity (red pulp) Minimal 0 (0%) 0 (0%) 8 (72.7%) 0 (0%) 8 (80.0%) 10 (90.9%)

Liver
Hepatocellular hypertrophy Minimal 0 (0%) 3 (27.3%) 1 (9.1%) 1 (8.3%) 0 (0%) 0 (0%)
Increased mitosis Minimal 0 (0%) 3 (27.3%) 0 (0%) 3 (25.0%) 0 (0%) 0 (0%)

a PALS = peri-arteriolar lymphoid sheaths. Data presented as n (%).
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technical challenges in producing complex recombinant enzymes that
require specialized subcellular localizations. Exogenous mRNA, in prin-
ciple, can produce any type of complex protein by using the cell's en-
dogenous translational machinery. In previous proof-of-concept
studies, we demonstrated that LNP-encapsulated hMUTmRNA encoded
functional MUT enzyme in liver, reduced disease-associated metabo-
lites, and ultimately improved survival upon repeat dosing in a 6-
week study. However, comprehensive long-term efficacy, safety and
tolerability studies in relevant animal models are required to support
the clinical development of hMUT mRNA therapy for this pediatric
population.

Here, we demonstrate sustained bioactivity and pharmacology of
hMUT mRNA in two long-term repeat dose studies in two murine
models of MMA. Reproducible and marked decreases in plasma
methylmalonic acid, 2-methylcitrate and C3/C2 carnitine ratio were ob-
served following each dose administration of LNP-encapsulated hMUT
mRNA in both murine models. These biomarker reductions correlated
with remarkable improvements in survival and growth in severe
MMA mice over the span of 12 weeks. The magnitude of plasma
methylmalonic acid reductions was similar to decreases observed fol-
lowing LT in MMA patients [10,11]. Although all plasma biomarkers
were substantially decreased, they were not reduced to normal levels.
Complete normalization of plasma methylmalonic acid and other bio-
markers was not expected, similar to transplanted patients [10,11],
due to production of toxins in other high energy organs such as skeletal
muscle, heart and brain.

The liver, and more specifically the hepatocyte, is regarded as the
major target for mitochondrial pathology inMMA [29]. hMUTmRNA re-
stored functional MUT enzyme in liver and as a direct consequence, de-
pleted toxic metabolite concentrations in livers of MMA mice. Liver
from patients and murine models of MMA have a mega-mitochondrial
phenotype that is readily visible using electron microscopy [29,37]. Al-
though electron microscopy was not performed in the current study,
lightmicroscopy analysis of liver tissues revealed an increase in hepato-
cellular hypertrophy in control hypomorphic mice that may be due to
enlarged mitochondria. Interestingly, hepatocellular hypertrophy was
not observed in hypomorphic mice treated with efficacious dose levels
of hMUT mRNA or in unaffected littermate control mice. Additionally,
mild liver chemistry abnormalities were observed in untreated MMA
hypomorphic mice compared to unaffected mice. This is consistent
with published reports from the European registry and network for in-
toxication type metabolic diseases, in which a small fraction (b20%) of
MMA patients had abnormal liver function tests [38]. Other laboratory
and ultrasound measured liver abnormalities have been described in
MMA patients [39]. hMUT mRNA treatment normalized most of the al-
tered liver function parameters in a dose-dependent manner in
hypomorphicmice, suggesting a potential improvement on liver health.
These data, combined with the depletion of hepatic toxic metabolites
and improved liver function tests, suggest an overall improvement in
liver pathology due to hMUT mRNA.
Impaired mitochondrial function observed in key extrahepatic dis-
ease tissues (kidney, heart, skeletal muscle, and brain) from MMA pa-
tients may contribute to long-term complications associated with this
disease [29,40–48]. The molecular mechanisms of mitochondrial dys-
function in these key disease tissues are not fully understood but are hy-
pothesized to be partially caused by accumulation of toxic metabolites
such as methylmalonic acid and 2-methylcitrate [49]. Although hMUT
mRNA is a liver-focused therapy, significant decreases in tissue
methylmalonic acid and 2-methylcitrate concentrations were seen in
extrahepatic tissues. As there was no detectable increase in MUT en-
zyme produced in these extrahepatic tissues, these tissue biomarker re-
ductions were likely due to decreases in circulating toxic metabolites.
Recent single-center reports describe renal and neurological stabiliza-
tion or improvement following LT in patients with MMA [10,11], how-
ever, other studies have reported renal and neurologic deterioration
post-LT [9,50]. The long-term outcomes, particularly renal and neuro-
logic progression, following LT remain to be fully described. Whether
a liver-focused therapy such as hMUT mRNA has a beneficial effect on
extrahepatic clinical manifestations will have to be determined in clini-
cal trials. Early intervention in the disorder may, in theory, prevent irre-
versible insults to various extrahepatic organs during metabolic
decompensations, although further research is warranted.

The safety and tolerability of repeat IV administration of hMUT
mRNA encapsulated in LNPs were evaluated in hypomorphic mice.
hMUT mRNA was well-tolerated, as demonstrated by the lack of any
hMUT mRNA-related clinical findings and similar body weights across
treatment and control groups. Clinical chemistry and histopathology
findings were limited and are likely due to a non-specific, generalized
inflammatory state that is likely transient and not considered to be ad-
verse. Due to blood volume limitations, hematology, cytokines, and
complement factors were not evaluated in the current study. Neverthe-
less, we have previously evaluated inflammatory markers in a 5-week
repeat dose study in MMA hypomorphic mice [19]. No increase of
plasma cytokines (IL-6, IFN-γ, TNF-α, IL-1β) was observed in MMA
hypomorphic mice following 3 and 5 weekly IV bolus injections of
hMUTmRNA (0.2mg/kg) compared tomice receivingweekly injections
of PBS. Moreover, minimal elevations in inflammatory markers includ-
ing complement and cytokines have been observed in repeat dose tox-
icology studies conducted in cynomolgus monkeys receiving mRNA
encapsulatedwith a similar LNP (1mg/kg) [23]. Furthermore, even if in-
flammatory markers were aberrant, the histopathology examination
across a full panel of tissues did not identify any obvious microscopic
correlate. Although anti-drug antibodies were not evaluated in the cur-
rent studies, the consistent and reproducible pharmacologic response
following each mRNA dose suggests that no neutralizing antibodies
were developed. Furthermore, preclinical evaluation of immunogenicity
has limited translation to humans and thus, anti-drug antibodies should
be carefully monitored in clinical trials. Common strategies used tomit-
igate deleterious anti-drug antibodies such as immunomodulatory and/
or premedication regimens could be considered as clinical data emerge.



Fig. 3. hMUTmRNA improves survival and growth, reduces disease biomarkers and restores functional MUT enzyme in liver in severe MMAMut−/−;TgINS-MCK-Mut mice. (a) Kaplan-Meier
survival curves of severe MMAMut−/−;TgINS-MCK-Mut mice receiving every other week IV bolus injections of hMUTmRNA 0.5 mg/kg or PBS (n= 6/group). *** p b .001 from log-rank test.
Survival curve of unaffectedMut+/−mice receiving IV injections of PBS (n=6) additionally shown. (b) Bodyweightwasmonitoredweekly throughout the 12-week study. n=6 for hMUT
mRNA-treatedMut−/−;Tg INS-MCK-Mut and PBS-injectedMut+/−mouse groups. n=6, 2, 2, 2, and 1 at studyweeks 1, 2, 3, 4, and 5 respectively for PBS-injectedMut−/−;Tg INS-MCK-Mut group.
(c–e) Plasma methylmalonic acid (c), 2-methylcitrate (d), and C3/C2 carnitine ratio (e) were serially monitored weekly throughout the 12-week study. (f–g) Methylmalonic acid and 2-
methylcitrate concentrations were assessed in key disease tissues (liver, kidney, heart, brain and skeletal muscle) 24 h after a single injection of PBS (f) and at the end of 12-weeks of
treatment of hMUT mRNA (g) in Mut−/−;TgINS-MCK-Mut mice (n = 5–6/group). (h–i) hMUT protein concentrations (h) and total MUT enzyme activity (i) were assessed in liver at the
end of the 12-week study (24 h after the last dose administration) in hMUT mRNA-treated Mut−/−;TgINS-MCK-Mut mice and PBS-injected unaffected Mut+/− mice (n = 6/group). Data
presented as mean ± SEM.
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As systemic hMUT mRNA therapy will require chronic, repeat IV
infusions every few weeks, the clinical adoption of such a therapy
remains to be determined in this disorder. However, this dosing regi-
men is similar to several enzyme replacement therapies prescribed
for multiple lysosomal storage disorders (e.g. Fabry, Gaucher, and
Mucopolysaccharidoses). Additionally, clinical implementation of a
potentialmRNA therapywill largely be influenced by safety and efficacy
results from upcoming clinical trials in patients and ultimately, the cost-
effectiveness of the therapy.

In summary, results from two long-term studies demonstrate
sustained pharmacology and durable functional benefit for hMUT
mRNA in two murine models of MMA representing the spectrum of
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MUT deficiency. hMUT mRNA therapy was well-tolerated with no ad-
verse side effects in bothmousemodels. These data collectively support
the clinical development of hMUTmRNA therapy in this devastating pe-
diatric disorder with no effective treatment options other than elective
solid organ transplantation.
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