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Propionicacidaemiais arare disorder caused by defects in the propionyl-coenzyme
A carboxylase a or 3 (PCCA or PCCB) subunits that leads to an accumulation of toxic
metabolites and to recurrent, life-threatening metabolic decompensation events. Here

wereportinterim analyses of afirst-in-human, phase 1/2, open-label, dose-optimization
study and an extension study evaluating the safety and efficacy of mRNA-3927, a dual
mRNA therapy encoding PCCA and PCCB. As of 31 May 2023, 16 participants were
enrolled across 5 dose cohorts. Twelve of the 16 participants completed the dose-
optimization study and enrolled in the extension study. A total of 346 intravenous
doses of MRNA-3927 were administered over a total of 15.69 person-years of treatment.
No dose-limiting toxicities occurred. Treatment-emergent adverse events were
reported in15out of the 16 (93.8%) participants. Preliminary analysis suggests an
increase in the exposure to mRNA-3927 with dose escalation, and a70% reductionin
therisk of metabolic decompensation events among 8 participants who reported them
inthe 12-month pretreatment period.

Propionic acidaemia (PA; OMIM 606054) is a rare, intoxication-type,
inherited metabolic disorder caused by pathogenic variants in the
propionyl-coenzyme A (CoA) carboxylase (PCC) a and/or 3 subunit
genes (PCCA and PCCB, respectively)'. PCCis a mitochondrial enzyme
that catalyses the conversion of propionyl-CoA to methylmalonyl-CoA
inthe propionate metabolism pathway (Fig.1a). Deficienciesin PCClead
toanaccumulation of toxic metabolites, including propionyl-CoA and
organicacids, suchas 2-methylcitrate (2-MC) and 3-hydroxypropionate
(3-HP)**. Thebirth prevalence of PA varies by country, affecting approxi-
mately 1in 100,000 to0 150,000 individuals in Western populations,
with onset typically occurring during the neonatal or infantile years*.

PA is characterized by life-threatening metabolic decompensation
events (MDEs) that often present in neonates with vomiting, dehydra-
tion, weight loss, feeding difficulties and acute deteriorations in the
individual’s general clinical condition**. This presentation is often
followed by progressive encephalopathy, characterized by lethargy,
seizures, decreased arousal and coma, which can be disabling or fatal
if not promptly treated. Multisystemic complications of PAinclude
growth retardation, neurological manifestations, cardiomyopathy,
arrythmias, recurrent pancreatitis, bone-marrow suppression and
predisposition to infection®”. The current guidelines for managing
PA specify that survival is the most important outcome, followed by
health-related quality of life, which is based on caregiver questionnaires
that can capture changes in functioning®’.

Early interventionis crucial to prevent metabolic decompensations,
reduce mortality and morbidity and improve outcomes in those with
PA; however, there are no approved drugs that directly address the
underlying enzymatic defect®. mRNA-3927 isanovel, lipid nanoparticle

(LNP)-encapsulated mRNA-based therapeutic agent composed of two
mRNAs: one encoding the normal human PCCA protein subunit and
the other encoding the normal human PCCB protein subunit’ (Fig. 1b).
In addition to their mRNA payload, LNPs that are used for mRNA deli-
very consist of aspecific assortment of lipids, including polyethylene
glycol (PEG). The presence of PEG on the surface of LNPs curtails uptake
ofthe LNP by phagocytic cells, including Kupffer cells in the liver, and
thereby promotes targeted delivery of the mRNA to hepatocytes™. Intra-
venous (IV) administration of mRNA-3927 isintended to restore func-
tional PCC enzymeinthelivers of people with PA. Although nonclinical
studies of LNPs have provided a proof of concept for mRNA-based
therapiesinmouse models of PA, such therapies have yet to be assessed
inhumans. Here wereport the interim results of a phase 1/2 study assess-
ing the safety and efficacy of mMRNA-3927 in participants aged one year
or older who have genetically confirmed PA.

Participants
Between 15 April 2021 and 9 May 2023, a total of 21 individuals were
screened. As of the cut-off date of 31May 2023, 16 participants received
mRNA-3927 at 5dose levels (cohort1, n = 4; cohorts 2-5,n = 3 per group;
Fig.2). Three participants were initially enrolled in cohort 1; however,
an extra participant was enrolled after one participant discontinued
thestudy after their first uneventful dose owing to withdrawal of con-
sent by the participant or guardian. A second participant (cohort 4)
discontinued the study after a grade 2 infusion-site reaction (Fig. 2).
The median (range) age for all cohorts was 8.5 (1.3-26.8) years, witha
median (range) age of disease onset of 0 (0-3) months (Table1). Across
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Fig.1|PCCA and PCCB genes, the propionate pathway and the mechanism
of action of mMRNA-3927. a, PAis caused by pathogenic variantsin the PCCA or
PCCBgenes, resultingina deficiency of the mitochondrial enzyme PCC.PCC
deficiency leads to the accumulation of toxic metabolites, including 2-MC

and 3-HP.b, LNP-encapsulated mRNAs encoding the human PCCA and PCCB
subunits are delivered to target cellsin theliver. After entry into the cytoplasm,
themRNAs are translated into the PCCA and PCCB subunits, forming the

PCC enzyme complex, whichlocalizes to the mitochondriato functionin the
propionate metabolic pathway. MUT, mutase. Theillustrationinbwas adapted
fromref.19, Elsevier, under a Creative Commons licence CC BY 4.0.

all cohorts, a high proportion of participants were white (7/16; 43.8%)
or Asian (5/16; 31.3%). Median (range) baseline weight ranged from15.8
(10.6-24.8) kg in cohort 2 to 44.4 (21.6-66.5) kg in cohort 1. Across all
cohorts, the most common comorbidities at baseline were develop-
mental delay (15/16; 93.8%) and learning disorder (13/16; 81.3%).
Twelve (75.0%) participants completed the treatment period of
the dose-optimization study and continued receiving study treat-
ment in the open-label extension study. Two participants in cohort
5(0.90 mg per kg every two weeks) were still receiving treatment in
the dose-optimization study at the time of the data cut. Across both
studies, a total of 346 IV doses of mRNA-3927 were administered
(Extended Data Table 1) in a total of 15.69 person-years of treatment
to date. Five of 16 participants who received at least one dose changed
dosing regimens. Except for one participant in cohort 5who had a
dose decreaseinthe treatment period of the dose-optimization study

(grade 3 pancreatitis and increased lipase), all dose switches occurred
in the extension study, with doses increased to an amount that was
considered safe and therapeutic in the dose-optimization study. The
participant in cohort 5 whose dose was decreased had a history of
recurrent pancreatitis, particularly associated with viral infections.
After dose 1, the participant experienced a grade 3 adverse event of
increased lipase that was not considered to be related to the study
drug. The participant was later hospitalized for metapneumovirus;
consequently, dose 2 was delayed. After dose 2, the participant expe-
rienced acute pancreatitis; this was considered by the investigator
to be related to the study drug and was associated with a lipase level
0f' 1,419 (10.9 x the upper limit of normal), but with normal imaging
findings. The decision was made to reduce the participant’s dose
from 0.90 mg per kg to 0.60 mg per kg. The participant skipped
dose 3 and resumed dosing at 0.60 mg per kg after recovering from
pancreatitis.

Safety

No dose-limiting toxicities (DLTs) occurred. Treatment-emergent
adverse events (TEAEs) were reported in15/16 (93.8%) participants and
mMRNA-3927-related TEAEs were reported in 9/16 (56.3%) participants.
The most common TEAEs included pyrexia (11/16; 68.8%), diarrhoea
(8/16;50.0%) and vomiting (8/16;50.0%). TEAEs reported in more than
two participants are presented in Table 2.

Serious adverse effects (SAEs) werereported in 8/16 (50.0%) partici-
pants. There were 2/16 (12.5%) participants who reported atotal of three
drug-related SAEs, including one participant with grade 3 pancreatitis
and one participant with vascular device infection and injection-site
reaction (both grade 2). Infusion-related reactions (IRRs) occurred in
5/16 (31.3%) participants and in 18 of the total 346 (5.2%) doses admin-
istered, including 13/73 (17.8%) doses at 0.30 mg per kg every three
weeks, 0/136 (0%) doses at 0.30 mg per kg every two weeks, 1/68 (1.5%)
doses at 0.45 mg per kg every two weeks, 1/45 (2.2%) doses at 0.60 mg
per kg every two weeks and 3/24 (12.5%) doses at 0.90 mg per kg every
twoweeks. AllIRRswere grade1or 2inseverity and generally occurred
during the first few doses. All participants recovered from IRRs and
continued treatment with the study drug. Two participants experienced
three events of grade 1 or 2 rash.

Antibody response

In the blood samples that were tested, one participant in cohort 1
(0.30 mg per kg every three weeks) was positive for anti-PEG antibod-
ies at baseline. Antibody titres increased by at least fourfold in the
predose sample for dose 3 (52 days after the first dose), then gradually
decreased and returned to baseline levels at month12. This participant
experienced grade1or 2 IRRs during theinfusions of 11/43 (25.6%) doses
received. The participant continued receiving mRNA-3927 and has not
experienced IRRs for more than a year. One participant in cohort 4
(0.60 mg per kg every two weeks) tested positive for anti-PCC anti-
bodies at baseline but was negative at all assessments thereafter.

PK, pharmacodynamicresponse, and MDE reduction

The pharmacokinetic (PK) parameters of PCCA and PCCB mRNA after
asingle dose and repeated doses were assessed in available cohorts
(through cohort5) at the time of the data cut. Overall, the PK exposure
to PCCA mRNA increased with dose escalation; PCCB testing is still
ongoing. PK exposures to PCCA mRNA for all available cohorts after
doselareshownin Fig.3 and Extended Data Table 2.

Reductions from baseline in disease biomarkers, including 3-HP,
2-MC, propionylcarnitine (C3) and n-propionylglycine (n-PG), were
observed after dose 3 with mRNA-3927 in most patients (Extended
Data Table 3).
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Fig.2|Dose-optimization study design and participantinformation. a, Study
schema. Participant eligibility was assessed during the screening period,
followed by an observation period during which baseline PA disease status was
monitored. The enrolment of participantsinto each cohort was staggered
using asentinel dosing strategy. Three participants wereenrolled intoa cohort,
treated and monitored for safety for at least 14 days by a Safety Monitoring
Committee. After confirmation that no DLTs occurred, enrolment and dosing
ofthe next cohortbegan. After the treatment period, participants could roll

Clinical efficacy was evaluated on the basis of the frequency of MDEs,
defined as an exacerbation of PA-related symptoms with biochemical
abnormalities requiring emergency care or hospitalization. Overall,
8/16 (50.0%) participants experienced one or more MDEs during the
pretreatment period, 2/16 (12.5%) during the treatment period of the
dose-optimization study and 3/16 (18.8%) during the treatment period
of the dose-optimization study and the extension study (Fig. 4 and
Extended Data Table 4). No MDEs were observed in cohort 4 (0.60 mg
per kg every two weeks) in the pretreatment or treatment periods
of the dose-optimization study before the last follow-up. Across all
cohorts in the combined dose-optimization and extension studies,
participants had an overall relative risk of MDEs of 0.30 (95% confi-
dence interval (CI), 0.066-1.315) during the treatment period com-
paredtothe pretreatment period (P=0.0927). Among only the dosing
cohorts receiving treatment every two weeks, the overall relative
risk of MDEs in the treatment period versus the pretreatment period
was 0.18 (95% ClI, 0.011-2.907; P=0.1832).

Discussion

To our knowledge, this first-in-human dose-optimization study is the
first clinical trial reporting the results of an mRNA therapeutic for
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cut-off date

over into the extension study or enter atwo-year follow-up period. Q2W, every
two weeks; Q3W, every three weeks. b, CONSORT diagram.*An additional
participant wasenrolled in cohort1per protocol after the discontinuation of
one participantafter their first dose owing to the withdrawal of participant
consent.Sevenindividuals failed theinitial screening; two of these individuals
wererescreened and meteligibility criteria for inclusionin the study. “One
participant switched to 0.60 mg per kg every two weeks dosing.

intracellular protein replacement in an ultra-rare disease for which
there is a considerable unmet need for treatment options. As of the
31 May 2023 data cut, 16 participants had received mRNA-3927, with
morethan 3401V doses administered. Two participants discontinued
the study, and two participants are still undergoing treatment in the
dose-optimization study; all others are continuing treatment in the
extension study.

Sofar, mMRNA-3927 has been well tolerated in participants with PA at
the doses administered, withno DLTs observed, including the adverse
event of pancreatitis described, which was assessed as related to PA
by the Safety Monitoring Committee and the sponsor. As an adverse
event of special interest, IRRs are common among individuals who
arereceiving IV therapy®. Herein, IRRs occurred in 31.3% of partici-
pants and 5.2% of the doses administered, one of which resulted in
the withdrawal of one participant. A similar incidence of IRRs has
been reported in clinical studies evaluating IV recombinant enzyme
replacement therapy for other rare diseases®. In our study, partici-
pants received premedication with paracetamol or ibuprofen and
histamine receptor (H,R and H,R) blockers before administration of
the study drug, to reduce the possibility of IRRs. IRRs that emerged
during the infusion were managed by slowing the infusion rate and/or
by a combination of antipyretics and corticosteroids according to



Table 1| Participant demographics and baseline characteristics (intention-to-treat population)

Cohort1(0.30mg Cohort2(0.30mg Cohort3(0.45mg Cohort4(0.60mg Cohort5(0.90mg Total(n=16)
perkgQ3W;n=4) perkg Q2W;n=3) per kg Q2W; n=3) per kg Q2W; n=3) per kg Q2W; n=3)
Age at enrolment, years, median 15.4 (5.2-26.8) 2.3(1.5-8.3) 3.8(1.6-15.3) 8.8 (1.3-21.4) 15.1(1.4-17.8) 8.5(1.3-26.8)
(range)
Age group at enrolment, years, n (%)
1-2 0 2(66.7) 1(33.3) 1(33.3) 1(33.3) 5(31.3)
3-12 2(50.0) 1(33.3) 1(33.3) 1(33.3) 0] 5(31.3)
13-17 0] 0] 1(33.3) (0] 2(66.7) 3(18.8)
>18 2(50.0) 0 0 1(33.3) 0 3(18.8)
Age at disease onset, months, 0(0-1) 0(0-0) 0(0-1) 1.5 (0-3)* 0 (0-0)° 0(0-3)
median (range)
Sex, n
Male:female 2:2 0:3 2:1 21 21 8:8
Race, n (%)
Asian 3(75.0) 0 1(33.3) 0 1(33.3) 5(31.3)
Black or African American 0 0 1(33.3) 0 1(33.3) 2(12.5)
White 1(25.0) 2(66.7) 1(33.3) 2(66.7) 1(33.3) 7(43.8)
Other 0 1(33.3) 0 1(33.3) 0] 2(12.5)
Ethnicity, n
Not Hispanic or Latino 4 3 3 3 3 16
Region, n (%)
Canada 2(50.0) 0] 1(33.3) 0] 1(33.3) 4(25.0)
UK 1(25.0) 2(66.7) 1(33.3) 3(100.0) 0] 7(43.8)
USA 1(25.0) 1(33.3) 1(33.3) 0 2(66.7) 5(31.3)
Weight at baseline, kg, median 44.4(21.6-66.5) 15.8 (10.6-24.8) 18.0 (11.2-42.7) 24.9 (11.9-62.7) 39.3(11.7-88.1) 24.7(10.6-88.1)
(range)
Genotype
PCCA:PCCB 2:2 1:2 2:1 2:1 1:2 8:8
Comorbidities®
Developmental delay 3(75.0) 3(100.0) 3(100.0) 3(100.0) 3(100.0) 15(93.8)
Learning disorders 3(75.0) 2(66.7) 3(100.0) 3(100.0) 2(66.7) 13(81.3)
Encephalopathy 3(75.0) 0 3(100.0) 2(66.7) 2(66.7) 10(62.5)
Hypotonia 3(75.0) 2(66.7) 2(66.7) 1(33.3) 2(66.7) 10 (62.5)
Anaemia 3(75.0) 2(66.7) 2(66.7) 1(33.3) 2(66.7) 10 (62.5)
Seizure 3(75.0) 2(66.7) 2(66.7) 1(33.3) 1(33.3) 9(56.3)
Neutropaenia 3(75.0) 1(33.3) 1(33.3) 0 3(100.0) 8(50.0)
Pancytopenia 2(50.0) 2(66.7) 0 1(33.3) 2(66.7) 7(43.8)
Thrombocytopaenia 2(50.0) 2(66.7) 1(33.3) 0 1(33.3) 6(37.5)
Electrocardiogram QT prolonged 2 (50.0) 0] 1(33.3) 0] 2(66.7) 5(31.3)
Pancreatitis 0 1(33.3) 0] 0] 1(33.3) 2(12.5)
Cardiac failure 1(25.0) 0 0 0 0 1(6.3)
Cardiomyopathy 1(25.0) 0 0 0 0 1(6.3)

Data missing for one participant.

®Preferred terms were coded using the Medical Dictionary for Regulatory Activities v.26.0. The comorbidities presented in the table were reported in at least five participants; in addition, the
clinically significant comorbidities pancreatitis, cardiac failure and cardiomyopathy are presented.

established methods". Treatment with glucocorticoids was well toler-
ated and not associated with MDEs.

In this interim analysis, a reduction in the number of MDEs was
observed for all except two participants (bothin subtherapeutic dose
cohorts), who had reported MDEs in the pretreatment period. The
relative risk for MDEs was reduced by 70% during the treatment period
of the dose-optimization study and by 82% among the biweekly treat-
ment cohorts. Furthermore, although early in the observation period
atthe time of the data cut, no MDEs were observed with higher doses.
By comparison, the incidence of metabolic episodes after liver
transplantation—a treatment option for patients with PA to achieve

metabolic stability—has been highly variable, and any benefit in meta-
bolicstability gained from liver transplantation must be balanced with
the chance of surgical complications and the need for lifelong immu-
nosuppression after the transplant®.

In this ongoing study, the PK parameters of PCCA and PCCB mRNA
after a single dose and repeated doses were assessed as secondary
endpoints. The available datafor PCCA mRNA suggest atrend towards
increased PK exposure to mRNA-3927 with dose escalation. Several
disease biomarkers were alsomonitored, including 3-HP, 2-MC, C3 and
n-PG. On the basis of health-care guidelines®, biochemical metabolite
levels (such as 2-MC and C3) are often used as surrogate markers for
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Table 2 | Most common (observed in more than two participants) TEAEs (safety population)

Cohort1(0.30mg Cohort2(0.30mg Cohort3(0.45mg Cohort4(0.60mg Cohort5(0.90mg Total
per kg Q3W) per kg Q2W) per kg Q2W) per kg Q2W) per kg Q2W)
Participants initially assigned, n 4 3 3 3 3 16
Participants receiving at least 1dose®, n 4 5 3 7 3 16
Participants with at least one TEAE, n (%) 3(75.0) 5(100.0) 3(100.0) 4(571) 3(100.0) 15(93.8)
TEAEs® occurring in more than two participants overall, n (%)
Pyrexia 3(75.0) 4(80.0) 1(33.3) 2(28.6) 2(66.7) 11(68.8)
Diarrhoea 2(50.0) 3(60.0) 1(33.3) 2(28.6) 0] 8(50.0)
Vomiting 1(25.0) 4(80.0) 1(33.3) 3(42.9) 0] 8(50.0)
Cough 1(25.0) 2(40.0) 1(33.3) 2(28.6) 1(33.3) 6(37.5)
Upper respiratory tract infection 2(50.0) 3(60.0) 1(33.3) 1(14.3) 6(37.5)
COVID-19 1(25.0) 3(60.0) 0] 1(14.3) 5(31.3)
Diaper dermatitis 1(25.0) 2(40.0) 0 2(28.6) 5(31.3)
Nasopharyngitis 0 1(20.0) 1(33.3) 1(14.3) 1(33.3) 4(25.0)
Rhinorrhoea 0 3(60.0) 1(33.3) 0 0 4(25.0)
Blood creatine phosphokinase 2(50.0) 0 1(33.3) 0 0 3(18.8)
increased
Ear pain 1(25.0) 2(40.0) 1(33.3) 0] 0 3(18.8)
Gastroenteritis 1(25.0) o] 0 2(28.6) 0 3(18.8)
Lipase increased 0 1(20.0) 0 0 2(66.7) 3(18.8)
Metabolic disorder® 2(50.0) 1(20.0) 0 0 0 3(18.8)
Rash 1(25.0) o] 0] 1(14.3) 1(33.3) 3(18.8)
Rhinitis 0] 1(20.0) 1(33.3) 1(14.3) 0] 3(18.8)

°If participants changed dosing regimens, they were counted and summarized in each regimen for which they received at least one dose. The numbers were used as the denominator in the

percentage calculation.

TEAES, defined as any event not present before exposure to the study drug, or any event already present that worsens in intensity or increases in frequency after exposure to the study drug,

were encoded with the preferred terms of the Medical Dictionary for Regulatory Activities v.26.0.

°This was the preferred term as defined by the Medical Dictionary for Regulatory Activities v.26.0, used to specify an MDE; none were considered to be treatment related.

metabolicstability®. In the ongoing study, most patients showed reduc-
tions in all four of the above-mentioned biomarkers after treatment
with mRNA-3927. Together with reductions in MDEs, these data suggest
that IV infusion of mMRNA-3927 resulted in successful transportation
into liver cells, protein translation and post-translational modification
into the active PCC enzyme.

Although this study represents a first-in-human investigation into
the safety and efficacy of LNP treatment for arare disease, it is not with-
outlimitations. These include a small sample size for each cohort, the
absence of a control group, the open-label nature of the study design
and the shorter observation times for the higher-dose cohorts com-
pared with the lower-dose cohorts. Although appropriate and neces-
sary for afirst-in-human phase 1study, the small sample size precludes
the possibility of performing statistical analyses to assess the signifi-
cance of these findings. Moreover, the lack of a control group might
yield higher estimates of mean effects, possibly inflating the efficacy
of the intervention. In addition, only half of the participants (8/16)
assessed experienced an MDE before treatment, thereby limiting the
subset available to fully assess therapeutic efficacy as measured by
MDE reduction. Finally, with the limited amount of data pertaining to
LNP-delivered therapeutics in humans, drawing conclusions on the
basis of cross-trial comparisons is difficult. However, these results
are in line with previously published reports that have shown that
therapeutics, including interfering RNAs and mRNA vaccines formu-
lated in LNPs, are safe and effective'® 8, Given that different diseases
have unique biological mechanisms, tissue and organ specificities and
populations of individuals who are affected, the findings reported here
might not be generalizable to all replacement therapies. However,
these results could be particularly applicable to diseases in which the
protein being replaced bothis expressed in and functionsin the liver,
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presence of exacerbated PAsymptoms, the need foremergency care and
evidence of biochemical abnormalities, were assessed 12 months before
treatment and in the post-treatment period. Note that the definition of MDEs

which is true not only for PA, but also for other metabolic disorders,
including methylmalonic acidaemia.

This study is ongoing, and participants in cohort 5 (0.90 mg per kg
every two weeks) are still being assessed. Once the cohort 5 analysis
is complete, the optimal therapeutic dose may be identified, and the
dose-expansion portion of the study will commence. For the dose
expansion, up to 15 participants will receive mRNA-3927 for 12 months
attheselected doseto evaluate the efficacy of the optimal dose and to
further characterizeits safety, tolerability, efficacy and pharmacologi-
cal activity in participants with PA.

In conclusion, these interim results are encouraging and show that
mRNA-3927 could be of clinical benefit for patients with PA.
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Methods

Trial design and oversight

PARAMOUNT (ClinicalTrials.gov identifier: NCT04159103) is an
ongoing, phase 1/2, international, open-label, multicentre, dose-
optimization (part 1) and dose-expansion (part 2) study assessing
the safety, pharmacokinetics and efficacy of mMRNA-3927. The meth-
ods and interim results pertaining to the part 1 dose-optimization
study are reported herein. The trial was conducted at 15 centres in
3 countries (Canada, the UK and the USA) and was sponsored by
Moderna. The study was conducted in accordance with consensus
ethical principles and regulatory guidelines including the Declara-
tion of Helsinki, the Council for International Organizations of Medi-
cal Sciences International Ethical Guidelines and the International
Council of Harmonisation Guidelines on Good Clinical Practice
(ICH-GCP). The final trial protocol and amendments were approved
by an independent ethics committee, research ethics board or insti-
tutional review board at the participating sites. All participants
and/or alegally authorized representative provided writteninformed
consent.

Participants

Individuals who were at least one year of age at the time of consent or
assent and who had a confirmed diagnosis of PA based on molecular
genetic testing (PCCA and/or PCCB mutations) were eligible. The first
two participants to enrol were required to be at least eight years of
age. Participants with childbearing potential agreed to use a highly
effective method of contraception during study treatment and for
three months after the last administration of the study drug. Partici-
pants were excluded in the following cases: laboratory abnormalities
exceedingexclusionary thresholds (Supplementary Table1); estimated
glomerular filtration rate less than 30 ml per min per 1.73 m?; chronic
dialysis; QTc greater than 480 ms using Bazett’s correction; positive
pregnancy test or pregnant or breastfeeding; grade 3 or 4 heartfailure;
history of or planned organ transplant; hypersensitivity to premedica-
tions or drug components; amajor surgical procedure within 30 days
(excluding a central line, port or feeding tube); COVID-19 vaccination
within 6 weeks between the last dose and the first administration of
the study drug; or on another investigational agent within 30 days or
within 5 elimination half-lives.

mRNA-3927 production and formulation

mRNA was synthesized and LNPs were formulated as previously
described'®”. Inbrief, in vitro, T7 RNA polymerase-mediated transcrip-
tion was used to generate codon-optimized mRNAs encoding human
PCCA (hPCCA) and human PCCB (hPCCB) proteins. LNPs consisted
of amixture of four lipids: SM-86, OL-56 (a PEG-lipid conjugate), dis-
tearoylphosphatidylcholine and cholesterol. mRNA was mixed with
lipids at a3:1molar ratio. Each mRNA-3927 IV unit contained 2.0 mg mI™
oftotal RNA (hPCCA and hPCCB subunits at al:1 molar ratio) inthe LNP
dispersion formulated in 20 mM Tris (pH 7.5), 8% sucrose and 1 mM
diethylenetriaminepentaacetic acid. Formulated LNPs were 87 nm
in diameter, had a polydispersity index of 0.2, were more than 96%
encapsulated and had less than 2 EU ml endotoxin. mRNA-3927 infu-
sions were prepared in glass vials at a final volume of 2.8 ml and were
stored at -60 °Cto-90 °C.

Trial procedures

Participants were allocated by nonrandom assignment. Participants
were enrolled into five cohorts with staggered enrolment and dosing
(Fig. 2). Eligibility was first determined during the screening period
(42 days maximum), after which participants entered the observation
period (48-72 h), followed by the treatment period (up to ten doses over
20-40 weeks dependent on the dosing schedule). Participants could
then chooseto enter atwo-year safety follow-up period or continue to

receive mRNA-3927 in an open-label extension study (ClinicalTrials.
gov identifier: NCT05130437).

During the screening period, PA diagnosis was confirmed, and the
participant’s medical history and health status were collected (Fig. 2).
Baseline PA disease status was monitored during the observation
period, during which time blood biomarkers (2-MC, 3-HP, C3 and n-PG)
and antibody status (anti-PEG and anti-PCC) were assessed. Before treat-
ment (60 + 10 min), participants received paracetamol or ibuprofen,
with age- and/or weight-appropriate dosing, and a histamine receptor
(H;Rand H,R) blocker.

During the treatment period, participants received the specified
dose of MRNA-3927 (mg per kg), which was based on mRNA concen-
trations only and did not consider the molecular weight of the LNP.
IV infusions occurred over 1to 6 h (15 min). After treatment, partici-
pants were discharged only after resolution of any IRRs, no evidence
of haemodynamic or respiratory instability, resolution of any mental
status changes or lightheadedness that may have occurred following
the start of study-drug infusion, areturn to ambulation status before
dose administration (if applicable) and normal vital signs for age or
returnto predose values. If anIRR occurred during study-druginfusion,
antipyretics or steroids were used for management according to the
judgement of the investigator. Anaphylaxis was assessed and managed
accordingtothe National Institution of Allergy and Infectious Disease
and Food Allergy and Anaphylaxis Network guidelines?*?.,

During the treatment period of the dose-optimization study, the first
participantin cohort1received 0.30 mg per kg IV mRNA-3927 every
three weeks and was observed for DLTs, defined as TEAEs of grade
3 or higher, related to the study drug, that occurred within a 21-day
window after the first administration of mRNA-3927.If no DLTs were
observed after the 21-day window, the next participantinthe cohort was
treated. Once the DLT window was completed for the last participant in
each cohort, the next cohort was enrolled, and treatment was initiated
(cohort 2: 0.30 mg per kg every two weeks; cohort 3: 0.45 mg per kg
every two weeks; cohort4: 0.60 mg per kg every two weeks; and cohort
5:0.90 mg per kg every two weeks). The DLT window was 14 days start-
ing in cohort 3. After the treatment period of the dose-optimization
study, participants who continued into the extension study could
have their dose adjusted to the level deemed safe and efficacious in
the dose-optimization study.

During the treatment period (day 1, dose 1 through to the end-of-
treatment visit), participant assessments (as inpatients, outpatients,
and/or through home health-care visits) included adverse events,
concomitant medications and procedures, vital signs and physi-
cal examinations, PK sampling and safety laboratory assessments.
Ifaparticipant missed three doses of the study drug, the sponsor could
recommend discontinuation of participation in the study in consul-
tation with the investigator. If treatment resumed, the participant
continued from the point they started missing doses (for example,
if a participant missed doses 3, 4 and 5 and then resumed the study
drug, they resumed with dose 6).

Assessments

The primary endpoint was theincidence and severity of TEAEs (includ-
ing study-drug-related TEAEs) and SAEs and TEAEs leading to treat-
ment discontinuation. TEAEs were defined as any adverse event with
anonset date onor after the study-drug start date, including through-
out the follow-up period. SAEs (TEAEs resulting in death; considered
life-threatening; requiring hospitalization or prolongation of existing
hospitalization; judged as medically important or resultingin persistent
disability orincapacity; or congenital anomaly or birth defect), TEAEs
related to the study drug and TEAEs leading to discontinuation were
collected throughout the study. Along with TEAEs, adverse events of
specialinterest for close monitoringin this study included IRRs (reac-
tions assessed as related to the study drug or IVinfusion that occurred
within 24 h of treatment) and hypersensitivity reactions. The severity of
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alladverse events was assessed according to the Common Terminology
Criteria for Adverse Events, v.5.0.

Secondary endpointsincluded changesinblood2-MC and 3-HP levels
from baseline (predose levels) to post-dose levels, the assessment of
antibodies to PEG (anti-drug antibodies) and PK parameters of PCCA and
PCCBmMRNAs after single and repeated administrations of mRNA-3927.
Exploratory analysisincluded changes frombaseline (predose levels) to
post-dose levelsin other blood biomarkers (including C3 and n-PG), the
assessment of antibodies to PCC (anti-drug antibodies) and MDEs inthe
pretreatment (12 months before informed consent until the first dose
of treatment) and post-treatment periods. Blood samples for PK and
antibody assessments were collected before and throughout the treat-
ment period usinga PPD collectionkit accordingtov.3 of the Central Lab
Manual and sent to PPD for analyses (Wilmington, NC). Antibody titres
reflect all anti-PEG isotypes. PCCA mRNA was quantified by PPD using
branched DNA? analyses and PK parameters (maximum concentra-
tionobserved, areaunder the concentration-time curve extrapolated
to infinite time, clearance, terminal volume of distribution, terminal
elimination half-life and time to maximum observed concentration)
were assessed. Inresponse to expertand regulatory feedback, the defi-
nition of an MDE was updated during the study. In the latest version of
the protocol, an MDE was defined as the presence of exacerbated PA
symptoms (persistent vomiting; anorexia or failure to feed; lethargy;
change in behaviour or level of consciousness; or increased seizure
activity), the need for emergency care (hospitalization or requiring
at least 24 hin an emergency care unit) and evidence of biochemical
abnormalities, as demonstrated by one or more of the following: acute
hyperammonaemia, metabolic acidosis (decreased pH) with high anion
gap or compensated metabolic acidosis (reduced bicarbonate, base
deficit, reduced PaCO, or increased lactate) with high anion gap. Owing
to the change in definition, some MDEs reported before the protocol
update may not fully align with the latest MDE definition. Other second-
ary outcomes, including changes in biomarker concentrations and
health-related quality of life, were also assessed and are planned to be
reported later with additional participants and alonger follow-up time.

An independent Safety Monitoring Committee was implemented
to monitor the conduct of the study and provide an ongoing review
of clinical safety and any relevant data; to recommend dose escalation
after each dose cohort; or to pause or stop the study if major safety
concerns emerged.

Statistical analysis
This was not a hypothesis-based study, and no formal statistical cal-
culation of sample size was performed. Baseline demographics were
assessed intheintention-to-treat population (all enrolled participants).
All safety and exposure analyses were performed in the safety popu-
lation (participants who received at least one dose of mMRNA-3927)
and were coded according to the Medical Dictionary for Regulatory
Activities v.26.0. If a participant changed dosing regimens, they were
counted and summarized in each regimen in which they received at
least one dose of MRNA-3927. Safety analyses are presented as counts
and percentages of TEAEs after treatment.

PK analyses were performed in participantsin the safety population
who had evaluable mRNA concentrations and did not have any major

protocol deviations affecting the PK assessments. Serum mRNA con-
centrations were summarized descriptively by nominal time point,
dose level and visit. Anti-drug antibody assessment was performed
in the immunogenicity population, which included members of the
safety population who had atleast one post-dose, evaluable anti-PEG
oranti-PCC sample. A data analysis was performed by the study spon-
sor using SAS (v.9.4 or higher).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Access to patient-level data and supporting clinical documents with
qualified external researchers may be available upon request and sub-
jecttoreview once the trialis complete.
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Extended Data Table 1| Participant exposure (safety population)

Cohort 1 | Cohort 2 | Cohort3 | Cohort4 | Cohort S
0.30 0.30 0.45 0.60 0.90

mg/kg mg/kg mg/kg mg/kg mg/kg

Q3w Q2W Q2W Q2w Q2W Total
Par‘tlclpants initially 4 3 3 3 3 16
assigned, n
Participants
receiving >1 dose,? 4 5 3 7 3 16
n
omalEumber ot 73 136 68 45 24 346
doses, n

Q2W, every two weeks; Q3W, every three weeks.

°If participants changed dosing regimens, they were counted and summarized in each regimen for which they received at least one dose. In the extension study, two participants in cohort 1
changed to the 0.30mg per kg Q2W dosing regimen, two participants in Cohort 2 changed to the 0.60 mg per kg Q2W dosing regimen and one participant in cohort 5 changed to the 0.60mg
per kg Q2W dosing regimen.



Extended Data Table 2 | PK parameter summary statistics of serum PCCA mRNA after dose 1 (PK analysis population)

Cohort 1 & Cohort 2 Cohort 3 Cohort 4 Cohort 5
0.30 mg/kg* 0.45 mg/kg 0.60 mg/kg 0.90 mg/kg
Cmax (ng/mL), n 7 3 3 2
Geometric mean (CV%) 253 (71.6) 731 (23.3) 881 (45.3) 1070 (17.3)
AUCinf (h'ng/mL), n 7 2 3 2
Geometric mean (CV%) 5450 (134) 48,200 (11.6) 32,300 (15.1) 55,100 (26.6)
CL (L/h),n 6 2 3 2
Geometric mean (CV%) 0.846 (339) 0.116 (146) 0.283 (93.2) 0.203 (161)
Vz(L),n 6 2 3 2
Geometric mean (CV%) 81.2 (673) 6.9 (142) 18.9 (105) 13.1 (221)
Tiz(h), n 6 2 3 2
Median (min, max) 68.1 (32.9,153.2) 45.1 (44.68, 45.5) 50.8 (41.1, 50.9) 53.0 (41.2, 64.9)
Tmax (h), n 7 3 3 2
Median (min, max) 2.1(1.2,9.9) 3.53.2,7.5) 3.8(2.2,4.0) 6.4(4.7,8.2)

AUC,, area under the concentration-time curve extrapolated to infinite time; CL, clearance; C,,,,, maximum concentration observed; CV%, percent coefficient of variation; T, ,, terminal
elimination half-life; T,..,, time to maximum observed concentration; V,, terminal volume of distribution.
“Because the table represents PK parameters after dose 1, cohorts 1and 2, both of which received 0.30 mg per kg, were combined for these analyses.
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Extended Data Table 3 | Biomarker percentage change from baseline after the third dose

Cohort 1 | Cohort 2 | Cohort 3 | Cohort 4 | Cohort 5
0.30 0.30 0.45 0.60 0.90

mg/kg mg/kg mg/kg mg/kg mg/kg

Biomarker, mean % change Q3W Q2w Q2w Q2W Q2W

(SD) @=4) | @3 | @3) | @3) | @)
3-HP -29 (25) -3 (26) -20 (24) 557 -20 (41)
2-MC -1 (31) -2 (25) -22(43) | -14(39) | -17(37)
C3 -26 (22) -1(23) -17 (23) 7 (42) -11(23)
n-PG -38(27) | -36(18) | -35(54) | 49(170) | 19 (108)

Q2W, every two weeks; Q3W, every three weeks; SD, standard deviation.




Extended Data Table 4 | Summary of MDEs (intention-to-treat population)

Cohort 1 | Cohort 2 | Cohort 3 | Cohort 4 | Cohort 5
0.30 0.30 0.45 0.60 0.90
mg/kg mg/kg mg/kg mg/kg mg/kg
Q3w Q2w Q2w Q2w Q2w Total
(n=4) n=3) (n=3) n=3) n=3) (N=16)
Number of participants with
>1 MDE, n (%)
Pretreatment period 2(50.0) | 2(66.7) | 3(100.0) 0 1(33.3) | 8(50.0)
Treatment period in dose
optimization study 1(25.0) | 1(33.3) 0 0 0 2412.5)
Treatment period in dose
optimization study and
extension study 2(50.0) | 1(33.3) 0 0 0 3 (18.8)
Total numbers of MDEs
Pretreatment period 8 4 10 0 7 29
Treatment period 1 1 0 0 0 2
Treatment period and
extension study 7 4 0 0 0 11
Annualized MDE event rate,
mean (SD)
Pretreatment period 1.89 1.30 3.12 0.00 2.19 172
(1.850) (0.928) (0.887) (0.000) (3.066) (1.988)
Treatment period 0.50 0.88 0.00 0.00 0.00 0.32
(0.795) (1.239) (0.000) (0.000) (0.000) (0.777)
Treatment period and 1.14 0:92 0.00 0.00 0.00 0.69
extension study (1.243) (1.621) (0.000) (0.000) (0.000) (1.253)

Q2W, every 2 weeks; Q3W, every three weeks; SD, standard deviation.
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Only common tests should be described solely by name; describe more complex techniques in the Methods section.

[ ] Adescription of all covariates tested

|:| A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

0 XX X X[ 5

< A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
Z~ AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

D For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

X

|:| For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

|:| For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

X X X

|:| Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated
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Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender Detailed cohort characteristics, including participant sex, is included in Table 1. Sub-analyses by sex was not conducted due
to a the small sample size and the fact that natural history studies have indicated that sex does not play a role in the disease.

Reporting on race, ethnicity, or  Detailed cohort characteristics, including participant race and ethnicity, are included in Table 1. Sub-analyses by race and

other socially relevant ethnicity was not conducted due to the small sample size and the fact that this was beyond the scope of the study.
groupings
Population characteristics Individuals >1 year of age at the time of consent/assent with a confirmed diagnosis of PA based on molecular genetic testing

(PCCA and/or PCCB mutations) were eligible. The first 2 participants to enroll were required to be >8 years of age.
Participants with childbearing potential agreed to use a highly effective method of contraception during study treatment and
for 3 months following the last administration of study drug. Detailed cohort characteristics are provided in Table 1.
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Recruitment Patients were recruited for participation in 3 countries (Canada, the United Kingdom, and the United States). 16 participants
received mRNA-3927 at 5 dose levels (Cohort 1: n=4; Cohorts 2-5: n=3 per group).

Ethics oversight The study was conducted in accordance with consensus ethical principles and regulatory guidelines including the Declaration
of Helsinki and Council for International Organizations of Medical Sciences International Ethical Guidelines and the
International Council of Harmonisation Guidelines on Good Clinical Practice (ICH-GCP). The final trial protocol and
amendments were approved by an independent ethics committee, research ethics board, or institutional review board at
participating sites. All participants and/or a legally authorized representative provided written informed consent.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size This was not a hypothesis-based study, and no formal statistical calculation of sample size was performed

Data exclusions  Five participants failed to meet inclusion criteria. Safety and exposure analyses were performed in all participants who received >1 dose of
mMRNA-3927. PK analysis was performed in participants in the safety population who had evaluable mRNA concentrations and did not have
any major protocol deviations impacting the PK assessments. Assessment of serum mRNA concentrations was performed in the
immunogenicity population, which included participants of the safety population who had >1 postdose, evaluable anti-PEG or anti-PCC
sample.

Replication Trial was only performed once without replication.

Randomization  This study was nonrandomized.

Blinding This study was open-label.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.




Materials & experimental systems Methods

n/a | Involved in the study n/a | Involved in the study
Antibodies |:| ChlIP-seq
Eukaryotic cell lines |:| Flow cytometry
Palaeontology and archaeology |:| MRI-based neuroimaging
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Clinical data

Policy information about clinical studies

All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration  ClinicalTrials.gov Identifier: NCT05130437

Study protocol The study protocol will be provided
Data collection Individuals were screened between April 15, 2021, and May 9, 2023. The cutoff date for this interim analysis is May 31, 2023.
Outcomes The primary endpoint was the incidence and severity of TEAEs (including study drug—related TEAEs), SAEs, and TEAEs leading to

treatment discontinuation. Secondary endpoints included changes in blood 2-MC and 3-HP levels from baseline (predose levels) to
postdose levels, the assessment of antibodies to PEG (anti—drug antibodies), and PK parameters of PCCA and PCCB mRNAs after
single and repeated administrations of mMRNA-3927. Exploratory analysis included changes from baseline (predose levels) to postdose
levels in other blood biomarkers (including C3 and n-PG), the assessment of antibodies to PCC (anti—drug antibodies), and MDEs in
the pretreatment (12-month prior to informed consent until the first dose of treatment) and posttreatment periods. Detailed
regarding how primary and secondary outcomes were assessed is outlined in the methods section of this manuscript.
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