
Original Article
mRNA-based therapy proves superior
to the standard of care for treating
hereditary tyrosinemia 1 in a mouse model
Maximiliano L. Cacicedo,1,6 Christine Weinl-Tenbruck,2,6 Daniel Frank,1 Sebastian Wirsching,1 Beate K. Straub,3

Jana Hauke,4 Jürgen G. Okun,4 Nigel Horscroft,5 Julia B. Hennermann,1 Fred Zepp,1 Frédéric Chevessier-Tünnesen,2

and Stephan Gehring1

1Children’s Hospital, UniversityMedical Center of the Johannes Gutenberg University, Langenbeckstr. 1, 55131Mainz, Germany; 2CureVac AG, Friedrich-Miescher-Str. 15,

72076 Tübingen, Germany; 3Institute of Pathology, University Medical Center of the Johannes Gutenberg University, Langenbeckstr. 1, 55131Mainz, Germany; 4Division of

Child Neurology and Metabolic Medicine, Center for Child and Adolescent Medicine, University Hospital Heidelberg, 69120 Heidelberg, Germany; 5MRM Health,

Technologiepark, 739052 Zwijnaarde, Belgium
Received 28 March 2022; accepted 8 July 2022;
https://doi.org/10.1016/j.omtm.2022.07.006.
6These authors contributed equally

Correspondence: Maximiliano L. Cacicedo, Children’s Hospital, University
Medical Center of the Johannes Gutenberg University, Langenbeckstr. 1, 55131
Mainz, Germany.
E-mail: mcaciced@uni-mainz.de
Hereditary tyrosinemia type 1 is an inborn error of amino acid
metabolism characterized by deficiency of fumarylacetoacetate
hydrolase (FAH). Only limited treatment options (e.g., oral ni-
tisinone) are available. Patients must adhere to a strict diet and
face a life-long risk of complications, including liver cancer and
progressive neurocognitive decline. There is a tremendous need
for innovative therapies that standardize metabolite levels and
promise normal development. Here, we describe an mRNA-
based therapeutic approach that rescues Fah-deficient mice, a
well-established tyrosinemia model. Repeated intravenous or
intramuscular administration of lipid nanoparticle-formulated
human FAH mRNA resulted in FAH protein synthesis in defi-
cient mouse livers, stabilized body weight, normalized patho-
logic increases in metabolites after nitisinone withdrawal,
and prevented early death. Dose reduction and extended injec-
tion intervals proved therapeutically effective. These results
provide proof of concept for an mRNA-based therapeutic
approach to treating hereditary tyrosinemia type 1 that is supe-
rior to the standard of care.

INTRODUCTION
Hereditary tyrosinemia type 1 (HT1) is an inborn error of amino
acid metabolism caused by deficiency of functional fumarylacetoa-
cetate hydrolase (FAH).1 FAH deficiency results in accumulation
of toxic and carcinogenic metabolites, such as succinylacetone
(SA), tyrosine (TYR), maleylacetoacetate, and fumarylacetoace-
tate.1–3 In newborn screening, tyrosinemia was detected in 1 of
100,000 births.4 Acute presentation of symptoms includes liver fail-
ure, vomiting, bleeding, hypoglycemia, and tubulopathy; chronic
manifestations present as hepatomegaly, cirrhosis, growth retarda-
tion, rickets, tubulopathy, and neuropathy. Tyrosinemia patients
are at increased risk to develop neurologic crisis, renal failure,
and early-onset hepatocellular carcinoma (HCC). Standard of
care (SOC) for patients includes supplementation with nitisi-
none, 2-(2-nitro-4-trifluoromethyl benzoyl) cyclohexane-1,3-dione
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(NTBC), administered orally twice daily.3 NTBC is a strong inhibi-
tor of 4-hydroxyphenyl-pyruvatdioxigenase, which catalyzes the
second step in tyrosine degradation.5 While suppressing the accu-
mulation of toxic tyrosine-derived metabolites, 4-hydroxyphenyl-
pyruvatdioxigenase inhibition promotes accumulation of tyrosine,
leading to eye symptoms, neurocognitive defects, and potential
development of a condition that mimics hereditary tyrosinemia
type 2.1 Consequently, a strict life-long diet low in TYR and phenyl-
alanine remains an essential component of disease management.

NTBC supplementation significantly improves disease management,
particularly when started early in life. However, some patients still
develop liver cancer, while a subset of patients fail to respond to
NTBC treatment; long-term risk assessment remains to be completed.
Importantly, despite treatment, affected children do not develop nor-
mally and might face neurocognitive problems.1,3,6–8 It is essential
for patients to adhere strictly to uninterruptedNTBC supplementation;
discontinuation could result in a life-threatening neurological crisis
that requires hospitalization.9 The ultimate treatment option is liver
transplantation, which is complicated by shortage of donor organs, or-
gan rejection, and side effects associated with immunosuppression.1

Therefore, there is an urgent need for alternate treatment options.

Several point mutations in patients suffering from tyrosinemia type 1
have been described, affecting the FAH gene.10 Mice bearing similar
point mutations are most suitable to model human tyrosinemia type
1. Of several mouse mutants induced by N-ethyl-N-nitroso-urea that
were identified, one closely mimics the chronic form of human
mber 2022 ª 2022 The Author(s).
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HT1.11 Without treatment, homozygotes exhibit postnatal lethality
within 24 h after birth. NTBC supplementation can normalize patho-
logic increases in metabolites, but not fully (e.g., serum TYR levels
remain high), and rescue Fah-deficient mice from death.12

To date, experimental approaches to treat tyrosinemia type 1 involve
adenovirus- and AAV-mediated gene transfer,13,14 gene delivery of
naked DNA constructs,15,16 genome editing,17–19 and ex vivo ther-
apy.20–22 The approach presented herein focuses on mRNA-based
therapy, a powerful tool with tremendous potential to treat a variety
of indications; e.g., infectious diseases, personalized cancer therapy,
protein replacement therapy, and gene editing.23–25

FAH is expressed predominantly in liver and kidneys; consequently,
hepatocytes and renal proximal tubular epithelial cells are most often
affected by the absence of a functional gene.2,10 mRNA provides a safe
and transient tool to express therapeutic proteins, such as FAH, in
target organs. Targeting the liver to synthesize FAH could prove to
be a valuable therapeutic option in treating tyrosinemia patients.
Naked mRNA, however, is quickly degraded in the bloodstream after
intravenous (i.v.) injection. mRNA encapsulated in lipid nanopar-
ticles (LNPs), on the other hand, is protected from degradation and
delivered mainly to the liver, the target organ for treating tyrosine-
mia.23,24,26 US Food and Drug Administration (FDA) approval of
Onpattro (patisiran) and treatment of polyneuropathy using LNP-
mediated delivery of therapeutic small interfering RNA (siRNA) to
the liver facilitates LNP-mediated RNA delivery as an approach to
treat a variety of diseases.27,28 Indeed, LNP-formulated therapeutic
mRNA targeted to the liver is currently being investigated in pre-
clinical studies as an approach to cure hemophilia B, thrombotic
thrombocytopenic purpura, methylmalonic academia, ornithine
transcarbamylase deficiency, Fabry disease, acute intermittent
porphyria, Crigler-Najjar syndrome type 1, alpha-1 antitrypsin defi-
ciency, hereditary spastic paraplegia type 5, and glycogen storage dis-
ease type I,24,29–35 with some of these applications already being tested
in clinical trials.

In the study presented here, FAH mRNA-based therapy reversed
the progression of disease in Fah-deficient mice. Repeated
injections of LNP-formulated FAH mRNA via both i.v. and intra-
muscular (i.m.) administration routes resulted in FAH protein
production in the liver, restoration of normal hepatic morphology,
abrogation of pathologic increases in SA and TYR, stabilization of
body weight, and prevention of early death after withdrawal of
NTBC supplementation. Dosing studies showed that LNP-formu-
lated FAH mRNA can provide therapeutic protection at low doses.
Moreover, extending the intervals between injections up to 2 weeks
proved therapeutically effective. Taken together, these findings
suggest that LNP-formulated therapeutic FAH mRNA could pro-
vide an alternate treatment option for tyrosinemia type 1 patients.
This approach would benefit children, especially, by preventing the
adverse complications associated with SOC; i.e., continued NTBC
supplementation and the burden of a strict, life-long adherence to
a special diet.
Molecular The
RESULTS
Luciferase expression in Fah-deficientmice injectedwith PpLuc

mRNA-LNPs

Fah-deficient mice (Fah1R Tyrc/RJ), a human tyrosinemia model, are
liver compromised due to underlying disease. To demonstrate the
ability to target protein synthesis to the livers of Fah-deficient mice,
PpLuc mRNA formulated in LNPs was injected i.v. into the tail
vein or i.m. into both tibialis muscles. Luciferase signals were re-
corded 6 h after injection. Luciferase expression was observed in pre-
dominantly the liver following i.v. injection (Figure S1). Expression
was detected in both the muscles and (to a lower extent) in livers of
Fah-deficient mice injected with PpLuc mRNA-LNPs i.m., demon-
strating transport of PpLuc mRNA-loaded LNPs to the liver via the
bloodstream and expression at a distant site consistent with results
described by Pardi et al.36 Injection of the PBS control did not elicit
a detectable luciferase signal.
Stable human FAH protein synthesis, and SA and TYR reduction

after a single i.v. FAH mRNA-LNP administration

Untreated Fah-deficient mice die within 24 h after birth. To prevent
early postnatal lethality, Fah-deficient mice are supplemented with
NTBC indrinkingwater throughout life (pregnant and nursing females;
experimental homozygotes). To induce the tyrosinemia type I disease
phenotype, NTBC supplementation was withdrawn 5 days before start
of treatment. Fah-deficient mice were subjected to one of the following
regimens: (1) Fah-deficient mice received NTBC supplementation
without interruption (NTBC+PBS+); (2) NTBC supplementation was
withdrawn on day 5 prior to treatment, and PBS was injected on
day 0 (NTBC�PBS+); and (3) in the experimental group, NTBC supple-
mentation was stopped on day 5 prior to treatment, and a single dose of
LNP-formulated therapeutic FAHmRNA(NTBC�RNA+) was injected
i.v. on day 0 (Figure 1A). Blood and liver samples were collected ondays
1, 2, and 4 after FAHmRNA-LNP injection. The therapeutic effect was
shownby a significant decrease in serumSA levels detected in the exper-
imental group at all time points. Levels were comparable with those
found in mice that received continued NTBC supplementation, and,
importantly, equivalent to physiologic levels found in wild-type (WT)
mice (Figure 1B). Moreover, TYR levels were reduced to physiologic
levels following FAHmRNA-LNP treatment, which were not achieved
by NTBC supplementation (Figures 1C and S2). These findings high-
light the efficacy of FAHmRNA-LNP in promoting physiologic meta-
bolic pathways and normalizing TYR levels.

To demonstrate FAH production in the target organ, the livers of Fah-
deficient and WT mice were dissected 24 h after single i.v. injections,
and FAHwas quantified by western blot analysis (Figure 1D). Approx-
imately 50% ofWT FAH levels were observed in livers of Fah-deficient
mice injectedwith FAHmRNA-LNP (Figure 1E). Notably, a substantial
quantity of FAH protein (�30% of that determined in WT mice) was
still detected in livers at 4 days post injection (Figures 1F and 1G). Con-
trol livers (PBS-injected, Fah-deficientmice±NTBC) lacked detectable
FAH protein. Taken together, these findings demonstrate prolonged
FAH protein in livers of Fah-deficient mice following a single FAH
rapy: Methods & Clinical Development Vol. 26 September 2022 295
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Figure 1. A single FAH mRNA-LNP injection i.v. reduces pathologic SA and TYR serum levels in Fah-deficient mice

(A) Experiment schedule. NTBC supplementation was stopped on day 5 prior to treatment. Blood was collected on day 1 before treatment (pre-bleeding [PB]) and on

termination days 1, 2, and 4 after single i.v. injection. One group of mice received NTBC supplementation (NTBC+PBS+) throughout the experiment. The second group

(NTBC�PBS+) was withdrawn from NTBC supplementation on day 5 prior to treatment and injected with PBS on day 0. The experimental cohort was withdrawn from NTBC

supplementation on day 5 prior to treatment and injected i.v. with a single dose of LNP-formulated therapeutic FAH mRNA (NTBC�RNA+) on day 0. (B) Absolute succi-

nylacetone (SA) and (C) tyrosine (TYR) levels in Fah-deficient mouse serum at the times indicated (four mice/group). (D) Western blot analyses of Fah-deficient and wild-type

(WT) mouse liver lysates from day 1 after single injections and normalized to b-actin loading control (representative samples; three livers/treatment group). Fah-deficient

mouse livers with or without NTBC supplementation were used as controls. (E) Quantitation of FAH protein bands normalized to b-actin loading control (three livers/group). (F)

Western blot analyses of liver lysates fromWTmice and Fah-deficient mice on day 4 after single injections. (G) Quantitation of FAH protein bands normalized to b-actin loading

control (three livers/group). Data are the means ± SEM. Significantly different from NTBC+PBS+: *p < 0.05, **p < 0.01, ***p < 0.001 (two-tailed Student’s t test).

Molecular Therapy: Methods & Clinical Development
mRNA-LNP injection and a concomitant, stable reduction in toxic
serum metabolites, i.e., both SA and TYR, which was not observed in
mice maintained on an NTBC diet.

Repeated i.v. FAH mRNA-LNP injection normalizes pathologic

increases in serumSA and TYR levels and rescues Fah-deficient

mice from body weight loss and death

To determine whether the tyrosinemia disease phenotype could be
prevented for a prolonged period of time, Fah-deficient mice were in-
jected repeatedly i.v. with FAHmRNA-LNPs. NTBC supplementation
was withheld on day 5. Blood was collected on day 1 prior to injection
to serve as a baseline, at 24 h post FAH mRNA-LNP injection, at pe-
riodic intervals thereafter, and at the experimental endpoint (Fig-
ure 2A). One Fah-deficient mouse control group was provided
NTBC supplementation without interruption (NTBC+PBS+). A sec-
296 Molecular Therapy: Methods & Clinical Development Vol. 26 Septe
ond group was denied NTBC supplementation on day 5 before
repeated PBS injections (NTBC�PBS+). The experimental group,
deprived of NTBC on day 5 prior to treatment, received LNP-formu-
lated FAH mRNA i.v. every 5 days for five times (NTBC�RNA+).
NTBC+PBS+ and NTBC�RNA+ Fah-deficient mice survived until
the end of the 21-day study period (Figure 2B). All NTBC�PBS+

Fah-deficient mice were euthanized due to body weight loss before
the end of the study. Importantly, Fah-deficient mice administered
FAH mRNA-LNPs did not lose weight, nor did their weight differ
significantly from the NTBC+PBS+ group, thus demonstrating treat-
ment efficacy. Serum SA and TYR levels, normalized to pre-treatment
levels, were monitored throughout the study (Figures 2C and 2D).
NTBC+PBS+ Fah-deficient mice exhibited low SA levels, but consis-
tently high TYR levels, relative to WT mice throughout the experi-
ment. Absolute SA and TYR values are shown in Figure S3.
mber 2022



Figure 2. Repeated FAH mRNA-LNPs injections i.v. rescue Fah-deficient mice from death

(A) Experiment schedule. NTBC supplementation was withdrawn on day 5 prior to injections. Blood was collected on day 1 before treatment (PB), at intermittent times 24 h

after each injection (i.e. B1 day 6; B2 day 11; B3 day 16), and on termination day 21. NTBC+PBS+ received continuous NTBC supplementation and repeated PBS injections

throughout the experiment. NTBC�PBS+ mice were stopped for NTBC supplementation on day 5 prior to treatment and injected with PBS repeatedly. NTBC�RNA+ mice

were withdrawn from NTBC supplementation on day 5 prior to treatment; LNP-formulated therapeutic FAHmRNA was injected i.v. every 5 days (i.e., days 0, 5, 10, 15, and

20; repeated injection 1–5). (B) Normalized body weights of Fah-deficient mice. (C) Normalized serum SA and (D) TYR levels in Fah-deficient mice (five mice/group). (E) West-

ern blot analyses of FAH protein in Fah-deficient and WT mouse livers, normalized to b-actin loading control (repeated injection; WT mice received single PBS injection).

(legend continued on next page)
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Table 1. Serum amino acid levels in WT and Fah-deficient mice

Amino acid levels in serum (mM) Fah-deficient mice NTBC�PBS+ Fah-deficient mice NTBC+PBS+ Fah-deficient mice NTBC�RNA+ WT mice NTBC�PBS+

Gly 555.6 ± 106.6* 125.0 ± 22.1 149.7 ± 16.6 ns 144.9 ± 8.3

Ala 2,077.1 ± 280.3** 353.8 ± 93.0 455.7 ± 92.7 ns 305.1 ± 35.1

Pro 390.9 ± 70.4* 92.4 ± 20.6 125.5 ± 29.1 ns 102.5 ± 14.2

Val 313.2 ± 23.7** 146.6 ± 11.6 207.1 ± 23.9 ns 126.1 ± 7.5

Thr 62.5 ± 20.5 ns 13.3 ± 2.7 13.8 ± 1.4 ns 13.1 ± 0.7

Leu/Ile 374.9 ± 22.8*** 191.2 ± 18.2 307.4 ± 51.3 ns 147.5 ± 11.3

Orn 855.2 ± 256.8 ns 119.9 ± 7.5 178.6 ± 21.7 ns 110.4 ± 17.3

Asp 164.1 ± 51.6 ns 20.0 ± 1.7 30.9 ± 4.8 ns 15.2 ± 2.4

Gln 11,798.4 ± 1,952.2* 2,933.8 ± 446.2 4,231.4 ±612.8 ns 3,462.4 ± 274.0

Glu 681.5 ± 192.9* 56.9 ± 5.9 86.5 ± 18.2 ns 51.5 ± 6.6

His 12,177.6 ±1,062.7** 1,117.4 ± 104.1 1,497.0 ±204.3 ns 715.4 ± 125.9

Phe 376.8 ± 231.2 ns 75.1 ± 9.5 116.2 ± 20.3 ns 69.1 ± 7.5

Cit 206.7 ± 68.6 ns 60.5 ± 7.8 68.7 ± 8.3 ns 50.6 ± 2.1

Hci 0.8 ± 0.5 ns 1.8 ± 0.7 1.3 ± 0.7 ns 3.7 ± 0.5

Trp 891.8 ± 56.4*** 437.5 ± 50.9 542.3 ± 67.1 ns 415.7 ± 28.6

Arg 15.6 ± 10.9 ns 62.8 ± 18.9 83.8 ± 21.5 ns 72.8 ± 18.7

Asa 1.5 ± 0.9 ns 1.1 ± 0.3 0.9 ± 0.3 ns 0.5 ± 0.2

Met 164.8 ± 56.8 ns 47.3 ± 8.5 55.7 ± 5.4 ns 41.2 ± 3.5

Fah-deficient mice were treated as follows: NTBC+, supplemented consistently with NTBC; NTBC�, NTBC withdrawn on day 5 prior to initial treatment; PBS+, injected with PBS;
RNA+, injected with FAHmRNA-LNPs. Number of mice analyzed: NTBC�PBS+ n = 5 Fah-deficient mice; NTBC+PBS+ n = 5 Fah-deficient mice; NTBC�RNA+ n = 5 Fah-deficient
mice; NTBC�PBS+ n = 5WTmice. Analyses were performed on serum collected from Fah-deficient mice on day 21 according to the schedule depicted in Figure 2A.WTmice, shown
for comparison purposes, were injected once i.v. with PBS then euthanized after 24 h. All NTBC�PBS+ Fah-deficient mice were euthanized before the scheduled end of the experiment
due to a 20% weight loss. Gly, glycine; Ala, alanine, Pro, proline; Val, valine; Thr, threonine; Leu/Ile, leucine/isoleucine; Orn, ornithine; Asa, argininosuccinate; Gln, glutamine; Glu,
glutamic acid; Phe, phenylalanine; Cit, citrulline; Hci, homocitrulline, Trp, tryptophan; Arg, arginine; Asn, asparagine; Met, methionine. Significantly different from NTBC+PBS+-
treated mice: *p < 0.05, **p < 0.01, ***p < 0.001 (Student’s t test).

Molecular Therapy: Methods & Clinical Development
NTBC�PBS+ mice showed substantially elevated SA and TYR levels
and were euthanized prematurely. NTBC treatment did not reduce
TYR levels. FAH mRNA-LNP treated Fah-deficient mice recovered
quickly after two i.v. injections and exhibited low serumSA levels com-
parable with NTBC-treated mice. Moreover, FAH mRNA-LNP-
treated Fah-deficient mice exhibited a marked decrease in TYR that
reached physiologic levels, suggesting that FAHmRNA-LNP therapy
might be superior to the SOC for treating HT1.

Serum levels of glycine, alanine, proline, valine, threonine, orni-
thine, aspartic acid, glutamine, glutamic acid, phenylalanine,
citrulline, homocitrulline, tryptophan, arginine, asparagine, and
methionine were quantified in the three experimental groups
(Table 1). With exceptions of leucine/isoleucine and histidine, all
levels were comparable in Fah-deficient mice administered FAH
mRNA-LNP and WT animals. At the end of the 21-day experiment,
i.e., 24 h after the last injection, western blot analysis and quantita-
tion of FAH protein revealed FAH protein synthesis in livers of FAH
(F) Quantitation of FAH protein bands normalized to b-actin loading control. (G) Represe

Fah-deficient mouse liver sections after repeated i.v. injections of FAHmRNA-LNPs. (H

tase (AP), and (K) creatine kinase (CK) were evaluated in Fah-deficient mouse serum at t

**p < 0.01, ***p < 0.001 (two-tailed Student’s t test). All NTBC�PBS+ Fah-deficient mic
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mRNA-LNP-treated Fah-deficient mice was �20% of endogenous
FAH protein present in WT mouse livers (Figures 2E and 2F).
Serum alanine transaminase (ALT), aspartate transaminase (AST),
alkaline phosphatase (AP), and creatine kinase (CK) levels, markers
of liver and muscle function, were assessed. All analyte levels were
increased in Fah-deficient mice injected with PBS only (i.e.,
NTBC�PBS+); however, levels measured in NTBC-treated and
FAH mRNA-LNP-treated mice were indistinguishable and equiva-
lent to those found in WT mice, demonstrating therapeutic efficacy
of this approach (Figures 2H–2K). The localization of FAH protein
production in livers of FAH mRNA-LNP-treated and control
mice were determined by immunohistochemical analysis of
paraffin-embedded liver samples. No FAH signal was observed in
NTBC+PBS+ and NTBC�PBS+ mice. In contrast, FAH mRNA-
LNP-treated animals showed a strong FAH signal localized mainly
in hepatocytes, demonstrating FAH protein production in the target
organ (Figure 2G). Taken together, these findings suggest that even
relatively low amounts of FAH protein can rescue Fah-deficient
ntative images of immunohistochemical FAH protein staining on paraffin-embedded

) Alanine transaminase (ALT), (I) aspartate transaminase (AST), (J) alkaline phospha-

ermination. Data are the means ± SEM. Significantly different from the control group:

e were euthanized before the scheduled end of the experiment due to weight loss.

mber 2022



www.moleculartherapy.org
mice from body weight loss, premature death, and pathologic in-
creases in metabolite levels.

Repeated i.m. and i.v. injections of FAHmRNA-LNPs are equally

effective in treating Fah-deficient mice

i.m. injection is a more patient-friendly route of administration than
i.v. From biodistribution studies we demonstrated transport of
mRNA-loaded LNPs to the liver of Fah-deficient mice via the blood-
stream and expression in liver. We hypothesized that this protein ex-
pressed in the liver after i.m. injection induces therapeutic effects. To
demonstrate the effectiveness of administering FAH mRNA-LNPs
i.m. versus i.v., Fah-deficient mice were injected with 1 mg/kg every
5 days (Figure 3A). Fah-deficient mice injected i.m. survived until
scheduled termination on day 21 without showing visual signs of
health decline. Body weight was stable and indistinguishable from
mice repeatedly injected i.v. (Figure 3B). Normalized SA and TYR
levels dropped rapidly to near WT mouse levels and stayed low
throughout the experiment (Figures 3C and 3D). At the end of the
experiment, absolute SA and TYR levels were decreased substantially
compared with pre-treatment values regardless of FAHmRNA-LNPs
administration route (Figure S4). Serum levels of a metabolite panel
were quantified. Aside from histidine, all metabolite levels in Fah-
deficient mice administered FAH mRNA-LNPs either i.v. or i.m.
were comparable with levels found in WT mice (Table 2). Livers of
treated mice were subjected to western blot analysis to correlate
FAH protein synthesis with therapeutic effects. Importantly, FAH
protein was synthesized in Fah-deficient mouse livers after repeated
i.m. injection (Figures 3E and 3F), demonstrating transport of FAH
mRNA-loaded LNPs from distant injection sites (i.e., tibialis muscles)
via the bloodstream to the liver. As expected, protein production was
lower than that observed in livers of mice repeatedly injected i.v.,
which directly targets LNPs to the liver. Similar results were obtained
by immunohistochemical evaluations. FAH production was evident
in livers of both animal cohorts, but the staining was much stronger
in the cohort injected i.v. (Figure 3G). The amount of FAH present in
the livers of i.m.-injected mice was sufficient, however, to prevent
body weight loss and death.With the exception of AST, other markers
of liver and muscle function and injury (ALT, AP, and CK levels)
differed insignificantly between repeated i.v. and i.m. administration
(Figures 3H–3K).

Repeated FAH mRNA-LNP administration maintains hepatic

morphology

The efficacy of mRNA-based therapy and repeated FAHmRNA-LNP
injections i.v. or i.m. were evaluated by conventional histologic exam-
ination of paraffin-embedded Fah-deficient mouse liver sections.
Livers of NTBC�PBS+-treated Fah-deficient mice exhibited charac-
teristics of severe acute liver injury with single-cell and grouped ne-
crosis, toxic-type microvesicular steatosis, regeneration phenomena
with hepatocytes of different sizes, as well as a concomitant inflamma-
tory infiltrate surrounding necrotic hepatocytes (Figure 4). Normal
liver architecture, however, was preserved. Histologic examination
of liver sections derived from NTBC+PBS+-treated mice revealed
negligible or mild changes with minimal steatosis. Upon i.v. adminis-
Molecular The
tration of FAH mRNA-LNPs (NTBC�RNA+), some hepatocyte
swelling and minimal to mild microvesicular steatosis were apparent
in Fah-deficient mice, quantified in Figure S5. Only minimal to mild
steatosis was observed in the livers of mice repeatedly injected i.v. or
i.m. No single-cell or grouped necrosis, fibrosis, distortion of liver ar-
chitecture or foci was observed.

Therapeutic effects are achieved at lower doses

To determine whether doses lower than 1 mg/kg used in previous ex-
periments would reduce serum SA and TYR concentrations to levels
found in WT mice, we administered doses of 0.5 mg/kg and
0.1 mg/kg into Fah-deficient mice every 5 days (Figure 5A). Both 0.5
and 0.1 mg/kg doses administered i.v. stabilized body weights
throughout life phase (Figure 5B) and reduced serum SA and TYR
levels (normalized to pre-treatment values) (Figures 5C and 5D).
Moreover, absolute SA and TYR values assessed at the end of the exper-
iment reached levels found in WT mice (Figures S6A and S6B). In
contrast, a clear difference between doses was observed when FAH
mRNA-LNPs were administered i.m. Only animals dosed with
0.5 mg/kg FAH mRNA-LNPs survived to the scheduled end of the
experiment (Figure 5E). The 0.1 mg/kg dose was not sufficient to guar-
antee therapeutic effects. Animals started to lose weight quickly, neces-
sitating euthanasia when body weight loss reached 20% (Figure 5F).
Both normalized and absolute SA and TYR levels increased throughout
the experiment, reaching very high levels at termination (Figures 5G,
5H, S6C, and S6D). These findings correlate with western blot analyses
of liver lysates derived from the same animals (Figure S6E). Highest
FAH protein levels in liver were achieved when dosing 0.5 mg/kg
FAH mRNA-LNPs i.v. followed by lower levels at 0.1 mg/kg i.v. On
the other hand, only a small amount of FAH protein was detected in
livers of mice injected with 0.5 mg/kg FAH mRNA-LNPs i.m.; liver
FAH expression in mice injected i.m. with 0.1 mg/kg FAH mRNA-
LNPs was below the level of detection (Figure S6F).

Therapeutic effects are achieved over longer intervals between

injections

To determine whether the therapeutic window could be extended
beyond the 5-day interval (as shown above), we took into account
that FAH protein was stable up to 8 days after single i.v. injection
(Figures S6A and S6B), and SA and TYR levels were rescued
compared with pre-treatment levels (Figures S6C–S6F). Following a
single i.v. injection, western blot analysis revealed the presence of
FAH protein at day 14 (Figures S7G and S7H).

A single FAH mRNA-LNP dose injected i.m. showed a very weak
FAH protein signal on day 14 (Figures S7I and S7J), although SA
and TYR levels were comparable with those found in the i.v. cohort
(Figures S7K–S7N).

Given the capacity of a single FAHmRNA-LNP dose to exert therapeu-
tic effects over a 14-day period, mice were injected five times with
1 mg/kg FAH mRNA-LNPs i.v. or i.m. at 1-week (Figure 6A) or
2-week (Figure 6E) intervals. Weekly injections by both routes were
effective. Mice exhibited no visual signs of stress or suffering, nor
rapy: Methods & Clinical Development Vol. 26 September 2022 299
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Figure 3. Repeated i.m. and i.v. injections with FAH mRNA-LNPs in Fah-deficient mice exhibit comparable therapeutic effects

(A) NTBC supplementation was withdrawn from Fah-deficient mice. Blood was collected 1 day before treatment (PB; day �1), at intermediate bleeding time points

24 h after injections (B1–B3 on days 6, 11, and 16), and on termination day (T; day 21) (Fah-deficient mice injected i.m., n = 5; Fah-deficient mice injected i.v., n = 4).

(B) Normalized body weights. (C) Normalized serum SA levels. (D) Normalized serum TYR levels. (E) Western blot analyses of FAH protein in livers of Fah-deficient

mice dissected on day 21; b-actin served as loading control. (F) Quantitation of FAH protein bands normalized to b-actin. FAH amount in livers of Fah-deficient mice

injected repeatedly i.v. was set to 100%. (G) Representative images of immunohistochemical FAH protein staining on paraffin-embedded Fah-deficient mouse liver

sections after repeated i.v. versus i.m. injections of FAH mRNA-LNPs. (H) Alanine transaminase (ALT), (I) aspartate transaminase (AST), (J) AP, and (K) CK were

evaluated in Fah-deficient mouse serum at termination. Data are the means ± SEM. Significantly different from the control group: **p < 0.01, ***p < 0.001 (two-tailed

Student’s t test).
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Table 2. Serum amino acid levels in Fah-deficient mice repeatedly injected i.v. or i.m. with FAH mRNA-LNPs

Amino acid levels in serum (mM) Fah-deficient mice NTBC�RNA+ i.m. Fah-deficient mice NTBC�RNA+ i.v. WT mice NTBC�PBS+

Gly 154.7 ± 58.1 96.9 ± 18.8 ns 144.9 ± 8.3

Ala 331.1 ± 103.7 372.6 ± 77.9 ns 305.1 ± 35.1

Pro 119.1 ± 34.0 86.9 ± 14.2 ns 102.5 ± 14.2

Val 174.8 ± 22.0 129.4 ± 8.5 ns 126.1 ± 7.5

Thr 19.8 ± 9.5 13.7 ± 1.8 ns 13.1 ± 0.7

Leu/Ile 203.0 ± 19.9 164.7 ± 16.2 ns 147.5 ± 11.3

Orn 193.4 ± 48.8 130.2 ± 20.5 ns 110.4 ± 17.3

Asp 35.1 ± 11.1 21.9 ± 3.3 ns 15.2 ± 2.4

Gln 4,624.6 ±1,934.1 3,745.3 ± 535.5 ns 3,462.4 ± 274.0

Glu 89.6 ± 23.2 50.1 ± 7.1 ns 51.5 ± 6.6

His 2,065.8 ± 925.3 1,207.0 ± 59.3 ns 715.4 ± 125.9

Phe 56.8 ± 15.0 57.0 ± 9.2 ns 69.1 ± 7.5

Cit 48.0 ± 8.4 48.5 ± 7.0 ns 50.6 ± 2.1

Hci 1.3 ± 0.7 0.8 ± 0.3 ns 3.7 ± 0.5

Trp 495.3 ± 55.6 443.1 ± 46.4 ns 415.7 ± 28.6

Arg 112.1 ± 10.5 87.6 ± 26.9 ns 72.8 ± 18.7

Asa 0.4 ± 0.3 0.8 ± 0.6 ns 0.5 ± 0.2

Met 55.0 ± 19.1 39.3 ± 5.2 ns 41.2 ± 3.5

NTBC was withheld from Fah-deficient mice on day 5 prior to repeated injection i.m. or i.v. with FAHmRNA-LNPs. Number of mice analyzed: Fah-deficient mice NTBC�RNA+ i.m.
n = 5; Fah-deficient mice NTBC�RNA+ i.v. n = 4; WT mice NTBC�PBS+ n = 5. Analyses were performed on serum collected from Fah-deficient mice on day 21 according to the
schedule depicted in Figure 3A. WT, shown for comparison purposes, were injected once i.v. with PBS and euthanized 24 h later. Gly, glycine; Ala, alanine; Pro, proline; Val, valine;
Thr, threonine; Leu/Ile, leucine/isoleucine; Orn, ornithine; Asa, argininosuccinate; Gln, glutamine; Glu, glutamic acid; Phe, phenylalanine; Cit, citrulline; Hci, homocitrulline; Trp,
tryptophan; Arg, arginine; Asn, asparagine; Met, methionine. Serum amino acid levels in mice injected repeatedly i.m. versus i.v. were not significantly different: p > 0.05 (Student’s
t test).
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changes in body weight (Figure 6B). Moreover, serum SA and TYR
levels reached low, therapeutic values over time regardless of the route
of administration (Figures 6C, 6D, S8A, and S8B). Fah-deficient mice
injected i.v. or i.m. every 14 days survived the entire 57-day experiment.
Some fluctuations in body weight and periods of weakness and recov-
ery occurred inmice injected i.m., especially during the latter part of the
experiment (Figure 6F). Mice injected i.v. showed no fluctuations in
body weight, signs of stress, or health decline. Serum SA levels
decreased after both i.m. and i.v. injections, reaching therapeutic values
characteristic ofWT animals (Figures 6G and S8C). Onlymice injected
i.v., however, exhibited a sustained decrease in serum TYR levels; mice
injected i.m. showed marked fluctuations in TYR, which were elevated
at the end of the study (Figures 6H and S8D). Western blot analyses of
liver lysates revealed comparable amounts of FAH protein in the livers
of mice injected repeatedly i.v. over the course of the 2-week schedule
(Figures S8E and S8F) compared with livers ofmice administered a sin-
gle i.v. injection (Figures 1D and 1E). As little as %2.5% of WT FAH
protein levels achieved after repeated i.m. administration on both 1-
and 2-week schedules were sufficient to rescue Fah-deficient mice
from premature death.

DISCUSSION
HT1 is an autosomal recessive disorder that affects tyrosine meta-
bolism, resulting primarily in damage to the liver, kidneys, and
Molecular The
peripheral nerves.1 It affects approximately 1:100,000 live births.4

Clinical manifestations of the disease, i.e., poor growth, liver failure,
and hepatomegaly, typically occur within the first 2 years after birth.
Indeed, disease severity correlates with the time of onset; more severe
cases occur early. HT1 is caused by a deficiency in FAH activity.1 FAH
is predominantly expressed in hepatocytes and renal proximal tubular
epithelium, accounting for expression of the principal effects of an
enzyme deficiency in the liver and kidneys.2,10 FAH is the last enzyme
in the TYR catabolic pathway. Mutations leading to a deficiency in
FAH activity result in elevated concentrations of TYR in the blood-
stream and the accumulation of upstream metabolites; i.e., fumaryla-
cetoacetate and maleylacetoacetate (two hepatotoxic metabolic inter-
mediates), which are converted to succinyl acetoacetate, then SA.10

Approximately 100 mutations in the gene encoding FAH have been
reported.10 These mutations include 45 missense mutations, 13
nonsense mutations, four frameshift mutations alterations, 10 dele-
tions, and 23 splice defects. Relatively few account for the majority
of HT1 cases identified clinically.37 Mutations that inhibit enzyme ac-
tivity may either target the catalytic site directly or affect enzyme sta-
bility, leading to a loss of function. In the Fah-deficient mouse model
used in the current study (Fah1R Tyrc/RJ), a splice mutation
(Fah5961SB) induced by N-ethyl-N-nitrosourea treatment resulted
in severe reduction of FAH mRNA and absence of FAH protein.11
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Figure 4. Injected FAHmRNA-LNPs normalizes liver histopathology of Fah-

deficient mice

Repeated i.v. injections were performed according to the schedule depicted in

Figure 2A. (A) H&E-stained liver sections. N, hepatocyte necrosis; asterisk, binu-

cleated cells; arrow, steatosis. (B) Single-cell and grouped necrosis were quantified

according to the scaling system outlined in Figure S5. (C) H&E-stained paraffin-

embedded Fah-deficient mouse liver sections after repeated FAH mRNA-LNPs

injections i.v. or i.m. (D) Quantitation of single-cell (left) and grouped (right) necrosis

after repeated i.v. or i.m. injections. Note: all NTBC�PBS+ Fah-deficient mice were

euthanized before the scheduled end of the experiment due to weight loss.
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We demonstrated absence of FAH protein in liver lysates derived
from NTBC�PBS+ and NTBC+PBS+ mice by western blot. These
findings enabled a clear and direct assessment of FAH mRNA LNP
302 Molecular Therapy: Methods & Clinical Development Vol. 26 Septe
efficacy in reversing health decline as well as rescuing Fah-deficient
mice from death.

Daily NTBC supplementation and strict adherence to a diet low in
phenylalanine and tyrosine is the SOC for HT1 treatment.37 The
advent of NTBC in 1992 revolutionized the prognosis of patients.8

Early NTBC supplementation can prevent liver failure, tubulopathy,
and neurological crises, and decrease the risk for hepatocellular carci-
noma. NTBC supplementation, however, does not guarantee normal
growth or completely prevent the development of liver cancer in
affected patients.38 In fact, an estimated 10% of patients are unrespon-
sive to NTBC treatment.39 Additionally, there is considerable risk for
liver cancer in patients who begin NTBC treatment late.39 Liver trans-
plantation is the only option for such patients.37 Despite the beneficial
effects of early NTBC supplementation, ophthalmologic and derma-
tologic problems can still occur as a consequence of increased plasma
TYR concentration.8 The cost of NTBC is exorbitant, estimated at
$51,493 per year to treat patients undergoing early, and $64,895 un-
dergoing late, intervention.8,40

Currently, there is no cure or treatment for HT1 that precludes daily
medication, dietary restrictions, neurotoxicity, or potential liver
transplantation. Gene (FAH)-targeted therapy provides an alternate,
superior approach to treating HT1.1 Predominant vectors used exper-
imentally to treat HT1 to date are adeno-associated viral (AAV) and
lentiviral (LV) vectors. AAV vectors exist primarily as episomes in
host cells and, consequently, are not transferred to both daughter cells
upon cell division. As such, they lose efficacy over a relatively short
period of time and require repeated administration. While AAV ther-
apies are promising, gene delivery can infrequently result in genotox-
icity, and repeated dosing can induce neutralizing antibody produc-
tion and potentially fatal immune responses.41–43

In contrast to AAV, LV vectors are stably integrated into the host cell
genome and transferred to both daughter cells during cell division,
thus alleviating the need for repeated administration.1 The livers of
mice in a model of HT1 were repopulated and the metabolic function
was restored in transduced hepatocytes following administration of
an LV vector expressing functional FAH.44 Although not carcino-
genic, a primary safety concern associated with the use of LV vectors
in gene therapy remains their potential to integrate into sites that
regulate oncogene expression and tumorigenesis.1

LNP-mediated transport of mRNA offers an alternate means of trans-
fecting host cells, circumventing some of the side effects, e.g., integra-
tion and genotoxicity, associated with viral vectors.45 This approach
has tremendous potential to treat a variety of indications, e.g., infec-
tious diseases, personalized cancer therapy, protein replacement ther-
apy, and gene editing.23,24,46 Aside from the report here, the only
other study dedicated to mRNA-based HT1 therapy reported treating
FAH (�/�) mice with dendrimer-based lipid nanoparticle
(mDLNPs)-encapsulated FAH mRNA.47 FAH (�/�) mice denied
NTBC-supplemented water were injected i.v. repeatedly with FAH
mRNA in mDLNPs every 3 days with 10 mg per mouse per injection
mber 2022



Figure 5. Repeated i.v. injections of 0.1 mg/kg or

0.5 mg/kg FAH mRNA-LNPs, or 0.5 mg/kg FAH

mRNA-LNPs injected i.m. rescue Fah-deficient mice

from death

(A) NTBC supplementation was withdrawn from Fah-defi-

cient mice 5 days before treatment. Blood was collected

1 day before treatment (PB; day �1), at intermediate

bleeding time points 24 h after injections (B1–B3 on days 6,

11, and 16), and on day of termination (T; day 21) (n = 5

Fah-deficient mice/condition). (B) Normalized body weights

of Fah-deficient mice that were repeatedly injected i.v. (C)

Normalized serum SA and (D) TYR levels in Fah-deficient

mice repeatedly injected i.v. with the dose of FAH mRNA-

LNPs indicated. (E) Survival of Fah-deficient mice repeat-

edly injected i.m. with the dose of FAH mRNA-LNPs

indicated (five mice/group). (F) Normalized body weights of

Fah-deficient mice repeatedly injected i.m. with FAH

mRNA-LNPs. (G) Normalized serum SA and (H) TYR levels

in Fah-deficient mice repeatedly injected i.m. with FAH

mRNA-LNPs. Data are the means ± SEM. Significantly

different from mice that received a 0.1-mg/kg dose:

*p < 0.05, **p < 0.01, ***p < 0.001 (two-tailed Student’s

t test).
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(�0.35 mg/kg). FAH (�/�) mice repeatedly administered FAH
mRNA mDLNPs survived the 30-day experimental schedule and
did not lose body weight, whereas PBS- and mCherry mDLNPs-
treated FAH (�/�) mice lost body weight and had to be sacrificed
before the scheduled end of the experiment. Immunohistochemistry
analysis demonstrated FAH expression throughout liver sections
derived from FAH mDLNP-treated animals specifically.47

Here, NTBC-deprived, Fah-deficient mice injected with FAHmRNA-
LNPs exhibited sustained FAH synthesis in liver. An i.v.-adminis-
tered 1-mg/kg dose showed sustained therapeutic effects for at least
14 days. Subsequent studies proved that this dose could be reduced
considerably while remaining within the therapeutic window. Even
a 10-fold reduction in dose (i.e., 0.1 mg/kg) injected i.v. resulted in
decreased serum SA and TYR levels while preserving animal health.
On the other hand, only 1 mg/kg and 0.5 mg/kg doses injected i.m.
showed therapeutic protection. These findings served as the basis
for designing interval-finding studies. Fah-deficient mice exhibited
Molecular Therapy: Methods & Clin
sustained and functional expression of FAH pro-
tein in liver when injected repeatedly i.v. or i.m.
with 1 mg/kg every 14 days. FAH mRNA LNP-
treated mice readily survived the maximum
57-day experimental period without exhibiting
signs of weight loss despite markedly lower
FAH protein levels compared with WT mice.
While i.v. administration produced the greatest
decrease in toxic metabolites, FAH mRNA LNP
administered i.m. also generated a marked
decrease in metabolic markers. These findings
indicate that relatively little FAH activity is
required to achieve a therapeutic effect and
rescue Fah-deficient mice from body weight loss and early death.
Remarkably, there was no indication of liver injury even at very low
enzyme levels. Serum ALT, AST, AP, and CK levels were equivalent
in NTBC- and FAH mRNA-treated, Fah-deficient mice, and signifi-
cantly less than quantified in sera obtained from the NTBC�PBS+

group.

The accumulation of SA is unique to an FAH deficiency; its presence
is diagnostic for HT1.48,49 It is notable that serum SA levels in Fah-
deficient mice administered FAH mRNA LNP were equivalent to
those found in WT mice. TYR levels in the sera of FAH mRNA
LNP-treated, Fah-deficient mice were significantly less than those
found in mice fed an NTBC-supplemented diet. FAH mRNA LNP
treatment did not significantly alter or negatively affect the levels of
other metabolites relative to those found in WT animals. Taken
together, these findings suggest that an FAH mRNA LNP-based
approach to treating HT1 offers a distinct advantage over SOC, which
includes oral NTBC supplementation. NTBC supplementation does
ical Development Vol. 26 September 2022 303
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Figure 6. Interval extension studies for repeated i.v.

and i.m. injections of FAH mRNA-LNPs into Fah-

deficient mice

(A) Weekly experimental protocol. NTBC supplementation

was withdrawn from Fah-deficient mice for 5 days. Sub-

sequently, five mice/group were repeatedly injected (1–5)

i.v. or i.m. at 1-week intervals with 1 mg/kg FAH mRNA-

LNPs; blood was collected (PB, B1–B3, and T) according

to the schedule shown. (B) Normalized body weights re-

corded at 1-week intervals. (C) Normalized serum SA and

(D) TYR levels recorded at 1-week interval. (E) Biweekly

experimental protocol. NTBC supplementation was with-

drawn from Fah-deficient mice for 5 days. Subsequently,

five mice/group were repeatedly injected (1–5) i.v. or i.m.

at 2-week intervals with 1 mg/kg FAH mRNA-LNPs; blood

was collected (PB, B1–B7, and T) according to the

schedule shown. (F) Normalized body weights determined

at 2-week intervals. (G) Normalized serum SA and (H) TYR

levels quantified at 2-week intervals. Data are the

means ± SEM. Significantly different between i.v. and i.m.

injected mice: *p < 0.05, **p < 0.01, ***p < 0.001 (two-tailed

Student’s t test).
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not reduce serum TYR levels or influence the imbalance of other me-
tabolites. Patients administered NTBC must adhere to a diet low in
TYR and phenylalanine. The mRNA-based approach outlined here
conveys the immense benefit of reducing not only SA but also TYR
levels to an approximately normal physiological state, thus potentially
preventing the accompanying neurocognitive decline frequently
observed in tyrosinemia patients.

In summary, from our pre-clinical studies in a mouse model
mimicking human HT1, we conclude that (1) very low amounts of
FAH expression in the liver are sufficient to rescue Fah-deficient
mice from body weight loss; (2) repeated i.v. injections of FAH
mRNA-LNPs provide a valuable therapeutic approach; (3) repeated
i.m. injections of FAH mRNA-LNPs lead to transport of FAH
mRNA-loaded LNPs to the liver via the blood stream, resulting in liver
FAH protein synthesis in a sufficient amount to rescue Fah-deficient
mice from body weight loss; (4) our mRNA-based therapy shows su-
periority in TYR-lowering potential to physiological levels, compared
with NTBC supplementation; (5) therapeutic efficacy is sustained
304 Molecular Therapy: Methods & Clinical Development Vol. 26 September 2022
upon dose lowering and interval extension.
Notably, serum SA (diagnostic for HT1) and
TYR levels were reduced to concentrations well
below those found in NTBC-supplemented ani-
mals, suggesting that no additional dietary mea-
sures might be needed to enormously raise the
life quality of anFAHmRNALNP-treated patient.
Remarkably, FAH mRNA LNP doses as low as
0.5 mg/kg administered i.m. periodically over a
20-day period sustained the body weight of Fah-
deficient mice on an NTBC-free diet and drasti-
cally reduced serum concentrations of TYR as
well as SA. These findings provide the potential basis for clinical appli-
cation of mRNA technology to HT1 treatment.

METHODS
Animal model

An Fah-deficient mouse model (Fah1R Tyrc/RJ) that mimics human
HT1 was available upon cryorecovery (Jackson Laboratory, Bar Har-
bor, ME, USA; JAX stock number 018129; Allele synonyms
Fah5981SB, Fah5961SB, Fah5981SB).11 This chemically induced (ENU)
mouse mutant provides a model for severe tyrosinemia type 1.
Neonatal pups without intervention die within 24 h of birth. The mu-
tation is a G-to-A transition at the last base of exon 7 leading to the
splicing of exon 6 to exon 8, resulting in a transcript that lacks
exon 7. The absence of exon 7 in the transcript results in a frameshift
and subsequently the introduction of a premature stop codon at
amino acid position 303. Heterozygous breeding to expand the colony
was initiated, switched to breeding homozygotes once available in suf-
ficient number. All animals used experimentally resulted frommating
homozygotes. To avoid early postnatal lethality of Fah-deficient mice,
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pregnant and nursing females were provided drinking water supple-
mented with 15 mg/L NTBC; homozygotes were provided water sup-
plemented with 7.5 mg/L NTBC throughout life unless otherwise
stated. Both female and male Fah-deficient mice were used at 10–
12 weeks of age. All mice received unlimited access to food and water.
All animal procedures were approved by the local authorities (Land-
esuntersuchungsamt Rhineland-Palatinate, G 19-1-080). Ethical
approval was granted by the Landesuntersuchungsamt LUA, Ko-
blenz, AK G 19-1-080.

mRNA and LNP encapsulation

An mRNA sequence that encodes human FAH (FAH mRNA) was
designed and synthesized in vitro. The mRNA encoded protein
was based on the human NCBI reference sequence NM_000137.4,
for full-length human FAH mRNA. The mRNA construct was
codon optimized to improve translation and half-life of the
mRNA. Only the most GC-rich codons were used for each amino
acid (as described in Thess et al.50). mRNAs were generated using
non-modified nucleotides. Each mRNA contained a CleanCap
(TriLink), followed by a 50 UTR from the human hydroxysteroid
17-beta dehydrogenase 4 gene (HSD17B4), an open reading frame
(ORF) encoding human FAH, a 30 UTR from human proteasome
20S subunit beta 3 gene (PSMB3), and a template-encoded poly(A)
sequence. mRNAs were further polyadenylated using A-plus
poly(A) polymerase tailing kit according to manufacturer’s recom-
mendation (Biozym). Human FAH mRNA was encapsulated in
LNPs for in vivo injections. FAH mRNA was encapsulated in
LNPs for in vivo injections. Formulation of mRNAs in LNPs used
in this study were performed at Acuitas Therapeutics (Vancouver,
Canada) as previously described (Thess et al.50; Pardi et al.36).
LNPs are prepared using a self-assembly process in which an
aqueous solution of mRNA at pH 4.0 is rapidly mixed with a solu-
tion of lipids dissolved in ethanol (see in Maier et al.51). LNPs used
in this study contain an ionizable cationic lipid/phosphatidylcho-
line/cholesterol/PEG-lipid. At blood pH, LNPs exhibit a net neutral
surface charge but become positively charged in acidified endo-
somes following ApoE-mediated endocytosis by hepatocytes in vivo,
resulting in endosome disruption and release of mRNA into the
cytoplasm (Thess et al.50 and references therein). Aliquots of FAH
mRNA-LNPs (1 g/L) were diluted in PBS prior to injection. Physi-
cochemical characterization determined a 93% encapsulation effi-
ciency of FAH mRNA in LNPs, a particle diameter of 70 nm, a
zeta potential of �2.08 mV, and a homogeneous size distribution
(as judged by a 0.047 polydispersity index).

In vivo imaging

NTBC supplementation was stopped to induce the tyrosinemia
phenotype in Fah-deficient mice. After 5 days, cohorts of mice were
injected i.v. or i.m. (both tibialis muscles) with PpLuc mRNA-
LNPs; Fah-deficient mice injected with PBS served as a negative con-
trol. In vivo imaging was performed 6 h after PpLuc mRNA-LNP
injection. Ten minutes before image acquisition, 150 mL of luciferin
substrate (20 g/L) was injected intraperitoneally (i.p.). After imaging,
mice were euthanized.
Molecular The
Single i.v. injection of FAH mRNA-LNPs into Fah-deficient mice

To induce the disease phenotype in Fah-deficient mice, NTBC sup-
plementation was withdrawn 5 days before treatment in all experi-
mental cohorts. Body weight of Fah-deficient mice was determined
before the start of injections, during life phase, and at termination.
Blood was collected 1 day before treatment to determine pre-treat-
ment metabolite levels, and on day of termination. Three groups of
Fah-deficient mice were subjected to the following treatments: (1)
one cohort of Fah-deficient mice received NTBC supplementation
throughout their lives and injection of PBS (NTBC+PBS+), (2) a sec-
ond group of Fah-deficient mice stopped NTBC supplementation
5 days before treatment and was injected with PBS on day
0 (NTBC�PBS+), and (3) a third group of Fah-deficient mice stopped
NTBC treatment 5 days before treatment and received a single i.v. in-
jection of LNP-formulated therapeutic FAH mRNA (NTBC�RNA+)
(dose 1 mg/kg). Fah-deficient mice were terminated on designated
days after a single i.v. injection (days 1, 2, and 4), and liver and serum
were collected. Control groups (cohorts 1 and 2) were terminated at
time point 24 h after single injection.

Repeated i.v. and i.m. injections of FAH mRNA-LNPs into Fah-

deficient mice

Similar to the single injection schedule, NTBC supplementation was
withdrawn 5 days prior to treatment to induce the disease phenotype.
Blood was collected 1 day before treatment (pre-bleeding [PB]), at in-
termediate bleeding time points 24 h after injections (B1–B3), and on
day of termination (T) (Figures 2A and 3A). One cohort of mice
received NTBC supplementation throughout their lives, and repeated
PBS injections along with the other experimental cohorts. A second
group of Fah-deficient mice stopped NTBC supplementation 5 days
before start of treatment and received repeated PBS injections. The
third group of Fah-deficient mice stopped NTBC treatment 5 days
prior treatment and received five i.v. injections of LNP-formulated
therapeutic FAH mRNA every 5 days. On day of termination (day
21), final bleeding was performed, and liver and tibialis muscles
were harvested for further analysis.

In a second experimental setup, Fah-deficient mice were repeatedly
injected i.v. or i.m. to compare administration routes. FAH mRNA-
LNPs were administered at a 20-mg dose, irrespective of the weight
of Fah-deficient mice for the i.v. route, and 10 mg of FAH mRNA-
LNPs were administered into both tibialis muscles to result in a total
dose of 20 mg FAH mRNA-LNPs, comparable with the dose of i.v.
treated Fah-deficient mice.

In dose-finding studies, lower doses of mRNA-LNPs were adminis-
tered via repeated i.v. and i.m. route (0.5 mg/kg and 0.1 mg/kg) five
times every 5 days (Figure 5A). For interval-finding studies, repeated
i.v. and i.m. injections were applied in a 1-week versus 2-week
schedule (Figures 6A–6E).

SA, TYR, and amino acid quantitation

To quantify amino acids and acylcarnitines, including SA and TYR, a
4.7-mm disk was punched out of a blank filter card (Whatman 903
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paper) and placed in a 96-well filter plate. A 5-mL serum sample was
transferred to the disk and dried overnight at room temperature.
Samples were prepared with reagents in the MassChrom kit for anal-
ysis of amino acids and acylcarnitines (57000F, non-derivatized,
Chromsystems Instrument and Chemicals, Graefelfing, Germany)
using the following steps: a 150-mL dilution of the internal standards
(internal standard, succinylacetone, 1:1 v/v) and 75 mL of the extrac-
tion buffer (succinylacetone) were transferred to the disk. The analy-
tes were extracted by incubating for 30 min at 45�C on a thermosh-
aker (Bio-Rad Laboratories, Feldkirchen, Germany) rotating at
600 rpm. After centrifugation at 3,200 � g for 2 min in a 96-well
V-bottom plate, 10 mL of the supernatant was injected into the tan-
dem mass spectrometry (MS/MS) system via flow-injection (FIA-
MS/MS). Amino acids, including succinylacetone and acylcarnitines,
in serum were quantified by electrospray ionizationMS/MS (ESI-MS/
MS) using a Quattro TQD triple quadrupole mass spectrometer (Mi-
cromass, Manchester, UK) equipped with an electrospray ion source
and a Micromass MassLynx data system. Mass transition in positive
ionization mode of succinylacetone is 155 > 137, and the correspond-
ing internal standard succinylacetone-13C5 is 160 > 142. The internal
standard ensures a precise quantification.

ALT, AST, AP, and CK quantitation

Measurements from serum samples were performed using an Abbott
Alinity ci-series module. Reagents and standardized protocols were
used according to Abbott’s recommendations.

Western blot analysis

Livers were lysed in 1 mL of RIPA buffer supplemented with Com-
plete Mini protease inhibitors cocktail (Roche). Lysates were diluted
and mixed with loading buffer containing b-mercaptoethanol. Sam-
ples were heated for 5 min at 95�C, vortexed, centrifuged at 14,000
relative centrifugal force (rcf) at room temperature, and loaded
onto gels (10% Criterion TGX Precast Midi Protein Gel, 26 wells,
12-mL samples). Gels were electrophoresed at 100 V for 90 min.
Wet transfer was performed at 100 V for 45 min with Mini Trans-
Blot (Electrophoretic Transfer Cell/Bio-Rad) in 1� transfer buffer.
Membranes were blocked with 1� Tris-buffered saline (TBS) and
5% skim milk in H2O for 45 min at room temperature with shaking.
Membranes were washed and incubated for 4 h at room temperature
with primary antibodies: polyclonal rabbit anti-FAH (Abcam, Cam-
bridge, UK) or monoclonal mouse anti-b-actin (Abcam), which
served as loading control. Membranes were washed again, incubated
with secondary antibodies (IRDye 800CW-conjugated goat anti-rab-
bit IgG; LI-COR Biosciences, Lincoln, NE, USA or IRDye 680RD-
conjugated goat anti-mouse IgG, LI-COR) for 1 h at room tempera-
ture, followed by washing. AnOdyssey CLX imaging system (Odyssey
CLx LI-COR) was used for quantitation and analysis.

Histochemical analysis

Formalin-fixed, paraffin-embedded liver tissue was cut in 2-mm slides
and stained with hematoxylin & eosin (H&E). Single-cell and grouped
necrosis were evaluated microscopically (counts per 15 high
power fields). Inflammation was graded from 0 to 3, steatosis was
306 Molecular Therapy: Methods & Clinical Development Vol. 26 Septe
characterized as micro- or macrovesicular concerning lipid droplet
size, and amount of lipid droplets was grouped from 0–3 (0, none,;
1, 1%–10%; 2, 11%–50%; 3, >50% with relation to liver parenchyma).
As well, fibrosis, liver architecture and the presence of foci was
described.

Statistical analysis

Two-tailed Student’s t test; p > 0.05 not significant (ns), *p < 0.05,
**p < 0.01, ***p < 0.001.
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