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Arginase deficiency is associated with prominent neuromotor
features, including spastic diplegia, clonus, and hyperreflexia;
intellectual disability and progressive neurological decline are
other signs. In a constitutive murine model, we recently
described leukodystrophy as a significant component of the
central nervous system features of arginase deficiency. In the
present studies, we sought to examine if the administration
of a lipid nanoparticle carrying human ARG1mRNA to consti-
tutive knockout mice could prevent abnormalities in myelina-
tion associated with arginase deficiency. Imaging of the
cingulum, striatum, and cervical segments of the corticospinal
tract revealed a drastic reduction of myelinated axons; signs of
degenerating axons were also present with thin myelin layers.
Lipid nanoparticle/ARG1 mRNA administration resulted in
both light and electron microscopic evidence of a dramatic re-
covery of myelin density compared with age-matched controls;
oligodendrocytes were seen to be extending processes to wrap
many axons. Abnormally thin myelin layers, when myelination
was present, were resolved with intermittent mRNA adminis-
tration, indicative of not only a greater density of myelinated
axons but also an increase in the thickness of the myelin sheath.
In conclusion, lipid nanoparticle/ARG1mRNA administration
in arginase deficiency prevents the associated leukodystrophy
and restores normal oligodendrocyte function.

INTRODUCTION
The final step in the urea cycle, the pathway for ammonia detoxifica-
tion in terrestrial mammals, is mediated by arginase 1 (ARG1), hydro-
lyzing arginine into ornithine and urea with the latter being excreted
in the urine as waste.1–3 Arginase deficiency, or hyperargininemia, is a
rare single-enzyme liver defect in which ARG1 activity is lost from
biallelic inactivating mutations. The population of patients with argi-
nase deficiency have multiple heterogeneous missense mutations,
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nonsense mutations, and deletions, being a pan-ethnic disorder.4–11

While ARG1 is primarily expressed in the liver, its absence results
in an inability to detoxify ammonia and markedly elevated arginine.
Disease penetrance is variable, and affected children only uncom-
monly present neonatally with severe hyperammonemia.7,12 Unlike
the other urea cycle disorders where hyperammonemia and related
signs often occur within a few days of birth,13,14 the disorder is gener-
ally recognized in late infancy or early childhood and is characterized
by progressive neurological decline,14,15 with afflicted patients gener-
ally being long lived.16

Hyperargininemia is distinct in its presentation from the other urea
cycle disorders. The usual course is one of insidious onset, manifest-
ing with microcephaly, spasticity, seizures, failure to thrive, and intel-
lectual disability;17 it is rarely,7,12 if ever, fatal in the neonatal period.
The association of the disorder with prominent neuromotor features
(including spastic diplegia/tetraplegia, clonus, hyperreflexia, and loss
of ambulation) are common in arginase deficiency but uncommon in
the other urea cycle disorders.

The cause and mechanism of the unique brain injury that occurs in
arginase deficiency have only been partially elucidated.18,19 The
neurologic impairment and developmental regression are associated
with corticospinal tract (CST)20 and pyramidal tract deterioration.
Recently, our group has found that dysmyelination of the CST is a
prominent feature of the developing murine brain when arginase 1
is deficient;19 limited clinical case reports21,22 have also suggested
herapy: Nucleic Acids Vol. 28 June 2022 ª 2022 The Authors. 859
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Figure 1. Intraperitoneal injection of luciferase mRNA demonstrates different tissue exposure patterns depending on lipid nanoparticle formulation

(A and B) Comparative (A) and quantitative (B) bioluminescent imaging of P12 mice intraperitoneally administered LNP A or LNP B formulated with firefly luciferase mRNA

demonstrates greater hepatic luciferase protein expression with LNP B; greater abdominal wall injection site expression was detected with LNP A. Low to modest LNP

exposure was detected in other organs; such low levels cannot rule out that expression is from contaminated blood cell expression. Data are represented asmean ±SEM (n =

5 per group) (pseudocolor scale: red = highest, purple = lowest). LNP, lipid nanoparticle.
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that dysmyelination may be a prominent feature in afflicted human
patients. While the proximate toxin is not known, the neurologic pic-
ture is distinct from those patients who suffer from severe hyperam-
monemia found in other urea cycle disorders; it is believed that the
toxin is arginine or a product derived from arginine such as one or
more of the various guanidino compounds found in these patients.
Present-day long-term therapy rests on provision of a low-protein
diet and administration of sodium benzoate and sodium phenylbuty-
rate. These therapies, however, are incomplete, being only palliative
and not curative.

With the emergence of mRNA therapeutics, we sought to determine if
intermittent delivery of mRNA formulated in a lipid nanoparticle
(LNP) during a period of critical early myelination could prevent dys-
myelination of the CST found as a prominent feature of this disor-
der.19 Notably, the studies performed herein demonstrated that the
CST is not the only long fibers that have myelination affected in
the CNS: the striatum, cingulate gyrus, and corpus callosum are
also markedly affected in arginase deficiency. Nonetheless, the
administration ofARG1mRNA tomice during the early critical phase
of CNS myelination results in near-normal myelination of the corti-
cospinal tract, striatum, cingulum bundle, and corpus callosum, both
in myelinated axon density and in myelin thickness. Plasma
ammonia, arginine, and guanidino compounds were also improved
in their control.

RESULTS
Administration of different nanoparticles results in variable

hepatic mRNA expression

Two different lipid nanoparticles comprising different ionizable lipids
formulated withARG1mRNAwere tested in these studies at a dose of
2 mg/kg:15 Lipid A, heptadecan-9-yl 8-((2-hydroxyethyl) (8-(nony-
860 Molecular Therapy: Nucleic Acids Vol. 28 June 2022
loxy)-8-oxooctyl)amino)octanoate,23 and lipid B, 2-(dinonyla-
mino)-1-(4-(N-(2-(dinonylamino)ethyl)-N-nonylglycyl)piperazin-
1-yl)ethan-1-one.24 Each was formulated with firefly luciferase
mRNA and administered by intraperitoneal (IP) injection at the
right lower quadrant of the abdomen to P12 NIH-Swiss mice (n =
5 per group) before being analyzed by bioluminescent imaging (Fig-
ure 1A) and tissue luminometry (Figure 1B) 6 h later. Whole-animal
bioluminescent imaging revealed that LNP B demonstrated greater
luciferase mRNA-directed protein production in the liver than LNP
A (Figure 1A); this is demonstrated by the increased signal intensity
(i.e., red area of the pseudocolor scale) in the location of the liver in
LNP B mice, whereas expression is primarily in the lower abdomen
near the injection site in LNP A-administered mice.

Quantitative examination of selected individual organs and tissues for
LNP exposure was performed after mice were euthanized. Following
modest perfusion, tissues were homogenized in lysis buffer on ice; su-
pernatants were analyzed by tube luminometry in triplicate and
normalized to protein levels. The highest levels of luciferase activity
were detected in the liver and at the site of injection in the muscle.
Significantly lower levels were detected in kidney, lung, and intestine,
and, while luciferase activity was detected in brain tissue homoge-
nates, the very low level could not rule out signal from contamination
due to residual blood in the sample. Most organs (brain, heart, intes-
tine, kidney, lung) show similar levels of LNP exposure and are
without statistically significant differences between LNPs. LNP A
demonstrated the greatest expression locally in the muscle at the
site of injection (as also shown in Figure 1A); however, this was
not statistically significant compared with LNP B. Conversely, LNP
B demonstrated luciferase expression greater than 40 times that of
the hepatic expression with LNP A and was statistically significant
(p = 0.012).
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Figure 2. Intermittent LNP/arginase 1 mRNA administration leads to normal growth and survival of arginase-deficient mice

(A) Kaplan-Meier survival graph comparing arginase 1 wild type (Arg+/+, black line, n = 26) with untreated Arg1�/� (red line, n = 20), Arg1�/� mice treated with ARG1mRNA

formulated with LNP B (blue line, n = 25), and Arg1�/� mice treated with ARG1 mRNA and LNP A (green line, n = 12) (p < 0.0001 by Log rank test). (B) Weights of mouse

groups demonstrate similar growth trajectory andweight comparing wild type (Arg1+/+, black line) withARG1mRNALNPB formulation (blue line) (p = 0.999 at P13); however,

differences exist compared with ARG1 mRNA LNP A formulation to Arg1�/� (green) (p = 0.009) and untreated Arg1�/� mice (red line) (p = 0.037 at P14). Physical size

comparison of representative P14 (C), P18 (D), and P28 (E) LNP B ARG1 formulation with Arg1�/�mouse with an Arg1+/+ wild type. ARG1, arginase 1; Arg1, arginase 1, LNP,

lipid nanoparticle. Data in (B) are represented as mean ± SD.
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Administration of ARG1 mRNA formulated with a lipid

nanoparticle leads to survival and improved health of arginase

1-deficient mice

Lipid nanoparticle A and lipid nanoparticle B were formulated with
ARG1 mRNA as previously described.15 Four groups of mice were
subjected to studies with each lipid nanoparticle formulated ARG1
mRNA administered to constitutive Arg1 knockout mice: (1) wild-
type Arg1+/+ (n = 26); (2) untreated constitutive Arg1�/� (n = 20);
(3) LNP A with ARG1 mRNA daily administration beginning at P8
to constitutive Arg1�/� (n = 12); and (4) LNP B with ARG1 mRNA
daily administration beginning at P8 to constitutive Arg1�/� (n =
25). As untreated constitutive arginase 1 mice (Arg1�/�) typically
perish around postnatal day (P)12 with few surviving to P14, we
examined survival and overall health of mice by weighing daily (as
a surrogate for growth and health) from P8 to P28 (Figures 2A–
2E). All (100%) untreated Arg1�/� mice (red line) expired by P14
as all (100%) Arg1+/+ mice (black line) survived to P28. The LNP B
ARG1mRNA-treated mice (blue line) fared well, with 24 of 25 surviv-
ing (96%) to P14 while 70% survived to P28 (one of the four deceased
mice from P14 to P28 died from an injection error); only six (50%) of
the LNP A ARG1 mRNA-treated mice (green line) survived to P14,
with all remaining mice expiring by P15 (p < 0.0001 by Log rank).

Mouse weight was used as a surrogate for health as previous studies
have demonstrated a plateauing of weight at the end of 2 weeks of
postnatal life in Arg1�/� mice that will soon expire.25 By day 13,
Arg1+/+ mice (n = 26) had substantial and increasing weight gain
(7.5 ± 1.4 g [mean ± standard deviation (SD)]) (black line) while un-
treated Arg1�/�mice (n = 20) did not substantially gain weight after
P11 (red line) (Figure 2B); mouse weights plateaued and by P14 were
substantially less than wild-type mice (5.2 ± 0.4 g; p = 0.037 versus
Arg1+/+). Arg1�/� mice treated with ARG1 mRNA formulated with
LNP B (n = 25) (blue line) fared well with P13 weights similar to
Arg1+/+ mice (7.5 ± 1.3 g; p = 0.999 versus Arg1+/+) (see also
Molecular Therapy: Nucleic Acids Vol. 28 June 2022 861
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Figure 3. Administration of LNP-mRNA results in hepatic arginase 1 expression and resolution of arginase-deficient hepatocyte subcellular abnormalities

Images demonstrate murine arginase 1 expression (Arg1; red), glutamine synthetase (Glu1; green), and DAPI (blue) in (A) wild-type Arg1+/+ hepatocytes; (B) lack of Arg1

expression inmurine Arg1�/� hepatocytes; (C) and restored hepatocyte expression of ARG1when LNPB formulated with ARG1 is administered; this is markedly greater than

the LNP A formulation (D). RNA in situ hybridization (E, LNP A; F, LNPB) demonstrates ARG1mRNA both at 12 h (left images) after administration that is reduced by 24 h (right

images). (G) Murine Arg1+/+ liver control demonstrates specificity of human ARG1 probe while (H) demonstrates lack of ARG1 in murine Agr1�/� liver. (I) Low-magnification

representative image showing a hepatocyte with a spherical nucleus (N), several glycogen patches are pointed by arrow heads in wild-type Arg1+/+ murine liver. Bar, 5 mm. (J)

Low-power representative image showing a hepatocyte with an irregular shape, broken nucleus (N), and many enlarged mitochondria surrounding the nucleus in an un-

treated Arg1�/� liver. Some mitochondria are seen but no prominent ER and glycogen granules are present. Bar, 2 mm. (K) Low-power representative image showing a

hepatocyte having a spherical nucleus (N) that contains a prominent nucleolus; surrounding the nucleus are several patches of glycogen granules (arrowhead) when LNP A

formulated mRNA was delivered. Bar, 2 mm. (L) High-power representative image of Figure 3K showing prominent rough ER and several mitochondria close to the nucleus.

The ultrastructural features of the hepatocyte demonstrate a complete recovery in the subcellular morphology. ARG1, arginase 1; Arg 1, arginase 1; RNA, ribonucleic acid;

LNP, lipid nanoparticle; N, nucleus; M, mitochondria. (A–H) Bar, 50 mm; (I) bar, 5 mm; (J and K) bar, 2 mm; (L) bar, 0.5 mm.
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Figure 2C). Similar to survival, ARG1 mRNA formulated with the
LNP A (n = 12) (green line) had reduced weight gain by P13 (6.0
± 0.7 g) compared with wild type and the LNP B group (p = 0.009
versus Arg1+/+). Littermate controls and surviving LNP B/ARG1-in-
jected mice continued to gain weight, albeit with substantially
greater weight in the littermates (p < 0.01). Mice were active and ap-
peared healthy up to at least 4 weeks of age (Figures 2D and 2E).

ARG1 mRNA delivery by LNP A and LNP B result in hepatic

arginase expression

Hepatic arginase expression (red fluorochrome) and glutamine
synthetase (to identify perivenular hepatocytes from periportal he-
patocytes; green fluorochrome) after LNP delivery of ARG1 mRNA
were examined by immunostaining in comparison with Arg1+/+

wild-type mice (Figure 3A) and untreated Arg1�/� mice (Fig-
ure 3B). While substantial pan-hepatic ARG1 expression is de-
tected in the liver by LNP B mRNA delivery (Figure 3C), little
862 Molecular Therapy: Nucleic Acids Vol. 28 June 2022
ARG1 protein is detected with LNP A delivery (Figure 3D). While
hepatic ARG1 mRNA is detected by in situ hybridization by
RNAScope 12 h after administration of LNP A ARG1 in hepato-
cytes (Figure 3 E1), this is markedly reduced or absent by 24 h
(Figure 3 E2). LNP B-mediated ARG1 hepatic delivery is detected
12 h after administration and is much more substantial (represen-
tative images in Figure 3 F1); however, this is also reduced by 24 h
(Figure 3 F2). This in situ hybridization probe is specific in that it
does not detect Arg1 in wild-type murine liver (Figure 3G) or in
Arg1�/� hepatocytes (Figure 3H).

Ultrastructural imaging reveals a complete recovery of

hepatocyte morphology in ARG1 mRNA-treated KO mice

To test whether hepatocytes undergo structural or morphological
recovery accompanying functional restoration after LNP ARG1
mRNA administration, we carried out electron microscopic
(EM) analysis on P14 liver samples from Arg1+/+, untreated
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Figure 4. Administration of LNP-formulated ARG1

results in functional hepatic arginase activity

Representative images in (A) demonstrate bands of argi-

nase 1 protein in wild-type liver and primarily in Arg1�/�

hepatocytes where LNP B-formulated ARG1 mRNA was

administered. Functional arginase expression (B) is, while

reduced compared with wild type (black bar), reestablished

in LNP-administeredmice, with the LNP B (blue bar) greater

than LNP A formulation (green bar) (n = 6 per group). ARG1,

arginase 1; Arg1, arginase 1; LNP, lipid nanoparticle. Data

are represented as mean ± SD.

www.moleculartherapy.org
Arg1�/�, and LNP A ARG1 mRNA-treated Arg1�/� mice. In
Arg1+/+ wild type, as shown in Figure 3I, representative images of
hepatocytes show normal fine structural features characterized by
having a spherical nucleus with nucleolus and typical granular
glycogen patches distributed in the cytoplasm. Prominent rough
ER (arrows) and mitochondria (data not shown) are clearly local-
ized. In contrast to wild type, the liver from untreated Arg1�/� an-
imals displayed drastic alterations in hepatocytes at the ultrastruc-
tural level; the nuclei often exhibited an abnormal or irregular
shape (representative image shown in Figure 3J). The low-magnifi-
cation EM image clearly shows a broken nucleus with chromatin
patches unevenly outlining the nuclear membranes. Mitochondria
exhibit an enlarged matrix indicative of the stressful state of the sub-
cellular organelles. No clear rough ER is present in the cytoplasm
(data not shown). After LNP A formulated with 2 mg/kg ARG1
mRNA treatment of Arg1�/� mice, the hepatocytes undergo
remarkable recovery in their morphology. As demonstrated in
Figure 3K the hepatocyte has an easily detected spherical nucleus
and a round nucleolus; glycogen granular patches (arrow) are
found in the cytoplasm. At high magnification (Figure 3L),
the rough ER is prominent and the mitochondria are clearly
identified.

ARG1 mRNA delivered by lipid nanoparticle results in functional

arginase 1 activity

Western blot was used to detect hepatic ARG1 protein inmice; a func-
tional arginase activity assay was performed to quantitatively assess
restored arginase activity after lipid-nanoparticle-mediated ARG1
mRNA delivery. While a dense band demonstrating arginase 1 pro-
tein is detected at 37–38 kDa by western blot corresponding to
Arg1 in Arg1+/+ mice at P14 (lane 1, Figure 4A), this is absent as ex-
pected in Arg1�/�mice (lane 2). Similar to immunostaining, substan-
tial arginase 1 protein is detected in the liver 24 h after ARG1mRNA
formulated with LNP B (lane 4). However, arginase 1 is not strongly
detected when LNP A formulation is used (lane 3). Arginase func-
tional activity in hepatocytes was partially restored when livers
were tested 24 h after formulated ARG1 mRNA was administered
(Figure 4B) (n = 6 per group). While wild-type hepatic Arg1 activity
Molecular
is substantial (12,766 ± 2,652 mg urea/mg pro-
tein), there is essentially no activity in untreated
Arg1�/� mice (185.3 ± 59.4 mg urea/mg protein,
1.5% of Arg1+/+). Related to ARG1mRNA levels in hepatocytes medi-
ated by LNP A or LNP B, 4.3% (539.8 ± 245.5 mg urea/mg protein) or
9.4% (1,202.0 ± 555.5 mg urea/mg protein) of wild-type activity can be
achieved 24 h after administration.

Plasma ammonia and most urea-cycle-related amino acids are

improved after ARG1 mRNA is delivered by an LNP B-based

formulation

Lack of hepatocyte arginase activity results in urea-cycle-related
amino acid derangements in the constitutive murine model2,3 (Fig-
ure 5, red data points). This also includes ammonia and the nitro-
gen-carrying amino acids alanine and glutamine (n = 6–7 per group).
While ARG1 mRNA delivery by the LNP A formulation (green data
points) results in generally persistent abnormalities compared with
age-matched Arg1+/+ wild-type mice (black data points) (alanine,
1,046.0 ± 428.5 mM versus 376.3 ± 59.4 mM, p = 0.091; aspartate,
144.2 ± 112.7 mM versus 22.5 ± 9.1 mM, p = 0.132; arginine,
2,275.0 ± 337.5 mM versus 283.2 ± 61.4 mM, p < 0.0001; citrulline,
218.3 ± 28.3 mM versus 87.8 ± 10.2 mM, p < 0.001; glutamate,
391.6 ± 236.5 mM versus 86.2 ± 30.3 mM, p = 0.050; glutamine,
1,907.0 ± 202.5 mM versus 497.1 ± 136.4 mM, p = 0.008; ornithine,
212.8 ± 79.1 mM versus 186.5 ± 45.1 mM, p = 0.885 [as LNP A formu-
lation versus wild type]), use of the LNP B formulation (blue data
points) results in normalization of these amino acids compared
with wild-type controls (alanine, 257.6 ± 61.7 mM, p = 0.974;
aspartate, 17.8 ± 10.7 mM, p > 0.999; arginine, 511.8 ± 403.8 mM,
p = 0.873; citrulline, 88.7 ± 22.8 mM, p > 0.999; glutamate 54.1 ±

27.9 mM, p = 0.992; glutamine 467.4 ± 164.2 mM p > 0.999); the
exception is ornithine, which was significantly reduced (58.4 ±

21.2 mM, p = 0.013).

While plasma ammonia is markedly elevated in the untreated
Arg1�/� mice (1,774.0 ± 329.4 mM [red data points]), there is
improvement with both lipid nanoparticles (980.2 ± 261.7 mM, p =
0.001 versus wild type [373.9 ± 110.8 mM] for the LNP A formulation
[green data points]), albeit markedly better with the LNP B formula-
tion (493.8 ± 126.9 mM, p = 0.796 versus wild type [blue data points])
(n = 6 per group).
Therapy: Nucleic Acids Vol. 28 June 2022 863
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Figure 5. Elevated plasma ammonia and altered urea-cycle-related amino acids are improved with LNP-mediated mRNA delivery

The urea-cycle-related plasma amino acids of (A) alanine, (B) aspartate, (C) arginine, (D) citrulline, (E) glutamate, and (F) glutamine are generally improved (LNP A formulation

Arg1�/�) or completely corrected (LNPB formulation Arg1�/�; pR 0.796) withmRNA therapy depending on the LNP formulation; ornithine (G), the exception, is reducedwith

the LNP B formulation. Plasma ammonia (H) is improved with both formulations, albeit better with the LNP B formulation. (N = 6–7 per group). Arg1, arginase 1; mRNA,

messenger ribonucleic acid; LNP, lipid nanoparticle. Data are represented as mean ± SD.
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Hepatic urea-cycle-related amino acids are generally improved

after ARG1 mRNA delivery by LNP B formulation

A limited amount of hepatic arginase activity results in some
improvement of the derangements of urea-cycle-related hepatic tissue
amino acids in the constitutive murine model.2,3 Overall, the effect of
the ARG1mRNA formulated to LNP A (green data points) results in
no statistically significant improvement of urea-cycle-related hepatic
amino acids compared with the untreated constitutive Arg1�/�

knockout (red data points) (Figure S1). The LNP B ARG1 mRNA
formulation (blue data points) results in improvement with only argi-
nine and ornithine remaining statistically significant in their differ-
ences from wild type: alanine, 42.3 ± 25.8 mM versus 31.3 ± 5.8 mM
(p = 0.956); arginine, 36.8 ± 39.3 mM versus 0.4 ± 0.14 mM (p =
0.035); aspartate, 18.4 ± 8.6 mM versus 9.3 ± 3.7 mM (p = 0.280);
citrulline, 1.0 ± 0.98 mM versus 0.7 ± 0.3 mM (p = 0.976); glutamate,
29.4 ± 18.9 mM versus 22.3 ± 9.4 mM (p = 0.974); glutamine 19.1 ±

8.0 mM versus 24.6 ± 6.7 mM (p = 0.907); and ornithine, 3.9 ±

1.2 mM versus 12.4 ± 3.5 mM (p < 0.0001) (LNP B versus wild type,
respectively) (n = 6–7 per group).

LNP formulations of ARG1 result in improvement of plasma

guanidino compounds

Five plasma guanidino compounds were examined for alteration with
administration of nanoparticles formulated with ARG1 mRNA (Fig-
ure 6). Non-statistically significant reductions from untreated
Arg1�/� plasma levels were present in four guanidino compounds
compared with untreated Arg1�/� mice (n = 6–11 per group). Argi-
864 Molecular Therapy: Nucleic Acids Vol. 28 June 2022
ninic acid was reduced from 5.1 ± 4.0 mM in untreated Arg1�/� to
1.95 ± 0.99 mM and 2.96 ± 2.14 mM in LNP A (p = 0.117) and LNP
B (p = 0.398) formulations, respectively. Plasma creatine was normal-
ized (wild type [190.5 ± 43.9 mM] with LNP A [266.8 ± 158.9 mM, p =
0.591] and LNP B [204.1 ± 53.8 mM, p = 0.996]). Guanidinoacetic acid
(GAA) was non-statistically reduced (wild type [10.9 ± 3.0 mM] with
LNP A [135.6 ± 22.5 mM, p = 0.687] and LNP B [35.0 ± 37.1 mM, p =
0.997]). While plasma keto-arginine (normally very low at 0.44 ± 0.11
in wild type) is improved over untreated Arg1�/�mice (7.1 ± 5.3 mM)
compared with 8.6 ± 7.9 mM in the LNP A group (p = 0.066 versus
wild type) and 4.9 ± 4.7 mM in LNP B group (p = 0.471 versus wild
type)], homoarginine levels do not show any substantial reduction.
Myelin basic protein immunostaining demonstrates diffuse

central nervous system dysmyelination in hepatic arginase

deficiency and marked recovery with LNP-mediated ARG1

delivery

Murine brains at P14 were sectioned and immunostained with myelin
basic protein to assess overall myelination in Arg1+/+ (wild type),
Arg1�/� (biallelic mutant), and Arg1�/� mice treated with LNP A
and LNP B formulations of ARG1 mRNA (Figures 7, and see S2 for
Luxol Fast Blue) (n = 4–5 per group). Figure 7A is a representative
section showing myelination in multiple brain regions in the
Arg1+/+ mouse, including the cingulum bundle (denoted by red rect-
angle), striatum, and the associated regions including the internal
capsule (consisting of the afferent and efferent axon fibers to the



Figure 6. Abnormalities in plasma guanidino compounds are improved with ARG1 mRNA administration

(A) Argininic acid, (B) creatine, (C) guanidinoacetic acid (GAA), and (E) keto-arginine are all reduced with mRNA ARG1 administration, while (D) homoarginine remains reduced

(n = 6–11 per group). ARG1, arginase 1; mRNA, messenger ribonucleic acid. Data are represented as mean ± SD.
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cerebral cortex including the CST axons) (denoted by blue rectangle)
and corpus callosum. Conversely, in Figure 7B, there is notably a
marked reduction, if not a near-complete absence, of myelination de-
tected in a P14 untreated Arg1�/� mouse. With administration of a
lipid nanoparticle carrying ARG1 mRNA, myelination is improved
with the LNP A formulation (Figure 7C) and restored with the
LNP B formulation (Figure 7D).

Examination and quantitation of myelination in certain regions al-
lowed for further assessment of the alteration and restoration of mye-
lination (n = 4–6 per group). In Figure 7, the striatum was examined
in (E)–(H), with quantitation in (I). Representative sections from
Arg1+/+ (E) and untreated Arg1�/� (F) mice demonstrate the marked
reduction in myelination at P14 (area fraction myelination wild type
41.63 ± 10.34 versus untreated Arg1�/� 2.095 ± 3.64, p < 0.0001).
With ARG1 mRNA lipid nanoparticle administration, we detect
limited improvement with the LNP A formulation (G) (5.678 ±

1.797 area fraction of myelination, p < 0.0001 compared with wild
type), and amarked improvement is seen with the LNP B formulation
(H) (34.41 ± 11.41 area fraction of myelination, p = 0.532 compared
with wild type). Similar findings are achieved in the cingulum bundle
(imaged in J–M, quantitated in N). While the Arg1+/+ cingulum
bundle shows myelination at P14 (J) (area fraction of myelination,
15.76 ± 7.09), myelination is nearly absent in the untreated
Arg1�/� brain (K) (1.48 ± 1.58) (p = 0.013). While this lack of myeli-
nation is partially improved with ARG1 delivery from the LNP A
nanoparticle (L) (area fraction, 10.51 ± 8.15, p = 0.612 compared
with wild type), it is markedly improved with the LNP B (M) formu-
lation (N) (area fraction, 28.80 ± 6.84) (p < 0.0001 compared with un-
treated Arg1�/�).

EM examination of the corticospinal tract reveals recovery of

myelinated axon density and myelin sheath layers with

intermittent formulated ARG1 mRNA administration

The EM investigation for this study aimed to provide both qualitative
and quantitative data for demonstrating the recovery in myelination
of CST axons after mRNA treatment in the knockout mice. The EM
analysis provided high-resolution EM images and quantitative data
for demonstrating that LNP ARG1-treated knockout mice at P14 re-
sulted in remarkable recovery in myelination of CST axons compared
with untreated knockout mice at the same age. As shown in Figure 8,
control samples from Arg1+/+ P14 mice (A) at low-magnification
EM show many axons of variable sizes and myelin layer thickness
distributed in the CST region as an oligodendrocyte soma is
localized and shown partially to extend processes to form myelin
layers with many axons; high magnification of axons is demonstrated
(B). In contrast to Arg1+/+ wild type, the untreated Arg1�/� CST re-
gion (C) shows a few myelinated axons, some degenerating axons
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Figure 7. Immunohistochemical staining demonstrates markedly reduced myelination with dramatic improvement in brain myelination when hepatic

arginase 1 expression is restored

Representative coronal images demonstrate myelination by MBP (brown) or its paucity at P14: (A) Arg1+/+, (B) Arg1�/�, (C) LNP A-formulated ARG1mRNA Arg1�/�, and (D)

LNP B-formulated ARG1mRNA Arg1�/�. Representative images of myelination in the striatum (E) Arg1+/+, (F) Arg1�/�, (G) LNP A-formulated ARG1mRNA Arg1�/�, and (H)

LNP B-formulated ARG1mRNA Arg1�/�. (E) Quantitation of the area fraction of MBP staining in the striatum per group. Representative images of myelination in the cingulum

bundle (J) Arg1+/+, (K) Arg1�/�, (L) LNP A-formulated ARG1 mRNA Arg1�/�, and (M) LNP B-formulated ARG1 mRNA Arg1�/�. (N) Quantitation of the area fraction of MBP

staining of the cingulum bundle per group (n = 5 per group). (In image A, the circle at lower left is bubble artifact.) ARG1, arginase 1; Arg1, arginase 1; P, postnatal; MBP,

myelin basic protein; LNP, lipid nanoparticle; mRNA, messenger ribonucleic acid. Slides counterstained with hematoxylin. Data are presented as mean ± SD. (E–H) Bar,

200 mm; (J–M) bar, 100 mm.
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displaying thinner myelin layers, and irregular shapes of axons con-
taining electron dense material accumulated in axoplasm (arrows in
C andD), indicating advanced degenerating axons in the region. After
ARG1 LNP A-formulated mRNA treatment, a remarkable recovery of
myelinated axons was clearly demonstrated (E). Notably, an oligo-
dendrocyte was shown to wrap many axons, some having thick
myelin layers as demonstrated under high magnification (F).

The near-complete recovery in myelinated CST axons was quantified
as data presented in Figure 8 G–8J. As a first set of data (Figure 8G),
the myelinated axon density was compared in Arg1+/+ wild type (n =
3), untreated Arg1�/� (n = 3), and LNP ARG1 mRNA-treated
Arg1�/� groups (n = 3). The Arg1+/+ wild-type group (black dataset)
shows the highest mean density (0.259 axons/mm2), with the un-
treated Arg1�/� group (red dataset) demonstrating the lowest
(0.085 axons/mm2); the LNP-formulated ARG1 mRNA-treated
Arg1�/� group (green dataset) shows a remarkable recovery (0.208/
mm2, p = 0.160 versus wild type).
866 Molecular Therapy: Nucleic Acids Vol. 28 June 2022
The second set of quantitative data was to compare the axon diame-
ters in three groups as shown in Figure 8H. The histogram compares
the mean diameters of myelinated axons. Arg1+/+ group has an
average mean diameter of 0.94 mm (black dataset), the untreated
Arg1�/� group (red dataset) is 0.75 mm (p < 0.001 compared with
Arg1+/+), while the LNP ARG1 mRNA-treated Arg1�/� group
showed a complete recovery (0.95 mm, p = 0.975 compared with
Arg1+/+). The third set of data was generated from G-ratio analysis
that reflects the thickness of the myelin sheath layers. As shown in
Figure 8I, the G-ratio values of the three groups all display positive
linear correlation with axon diameters (r2 value); the treated
Arg1�/� group (green) has the lowest value in r2 (0.129), compared
with 0.369 for Arg1+/+ (black) and 0.334 for untreated Arg1�/�

(red). Overall, the untreated Arg1�/� group shows a much more
restrictive distribution pattern in axon sizes, which is consistent
with Figure 8H. Finally, as shown in Figure 8J, the G-ratio value is
lowest in Arg1+/+ (0.775) (black dataset) and the highest in untreated
Arg1�/� group (0.829) (red dataset); the G-ratio of the treated



A

B

C

D F

E G H

I J

Figure 8. Electron microscopy demonstrates markedly reduced myelination with dramatic improvement in brain myelination when hepatic arginase 1

expression is restored

(A and B) Representative images of myelinated axons in CST of a P14 Arg1+/+mouse. (A) A low-magnification image showing distribution of different sizes ofmyelinated axons

in CST. Note an oligodendrocyte (oligo) localized at the left bottom extending multiple processes to wrap the axons. Bar, 2 mm. (B) A high-magnification image showing a

portion of the process from the oligodendrocyte (oligo) surrounding several myelinated axons. Note that one axon at the upper left has thick myelin layers. Bar, 1 mm. (C and D)

Lack of myelinated axons and signs of degenerating axons in CST of untreated Arg1�/� mouse. (C) A low-magnification electron micrograph demonstrating a drastic

reduction of myelinated axons in CST; note many are small axons. Some degenerating axons with thin myelin layers; electron-dense debris (indicated by two arrows) are

identified in the region. Bar, 2 mm. (D) High-power image showing one of the advanced degenerating axons containing electron-dense debris in the axoplasm (indicated by

two arrows). Bar, 1 mm. (E and F) Recovery of myelinated axons in CST of the Arg1�/�mouse treated by LNP-formulated ARG1mRNA. (E) Low-magnification image showing

myelinated axons of variable sizes surrounding an oligodendrocyte (oligo) that is extending processes to wrap many axons. Bar, 2 mm. (F) High-power image showing several

axons close to the oligodendrocyte (oligo); two axons in the middle have thick myelin layers. Bar, 1 mm. Quantitative data in comparing axon density (G), diameter (H), and

G-ratio (I and J) (n = 3 per group). Arg1, arginase 1; CST, corticospinal tract; P, postnatal; oligo, oligodendrocyte; LNP, lipid nanoparticle; mRNA, messenger ribonucleic acid.

Data are presented as mean ± SD. (A, C, and E: Bar, 2 mm; B, D, and F: Bar, 1 mm).
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Arg1�/� group (LNP, green dataset) (0.80) approaches that of the
wild type, and while the p value remains significant, the reduction
in G-ratio confirms there is a dramatic recovery in axon myelination.

DISCUSSION
Arginase deficiency at present has no completely effective US Food
and Drug Administration-approved therapy that remedies the
biochemical abnormalities that occur while at the same time averting
the development of the neurological dysfunction associated with lack
of hepatic arginase. While it is a urea cycle disorder, ammonia, which
has been implicated as a neurotoxin in proximal enzyme deficiencies
(i.e., hyperammonemic encephalopathy), is likely not a significant
contributor to the neurophenotype in arginase-deficient patients; ep-
isodes of hyperammonemia are either infrequent or substantially
fewer than those that occur with proximal urea cycle enzymopathies.
Guanidino compounds have long been suggested to be causative, but
to date have remained unproved and their role in the associated pro-
gressive neurological decline remains unclear.3,26–29 As recently
described,19 dysmyelination of the corticospinal tract is a prominent
feature of the disorder in mice, and likely humans,21,22 and appears to
be, at least in part, the cause of spastic diplegia, a characteristic gait
abnormality found in these patients. While it remains a metabolic dis-
order, it has been suggested that arginase deficiency be reclassified as
also a leukodystrophy because of the CNS myelination abnormalities
present.19

Advances in mRNA synthesis and the development of biodegradable
liver-distributing lipid nanoparticles have potentially enabled a new
generation of low-risk, albeit transitory, therapeutics to potentially
restore liver metabolic function for a whole host of single-enzyme he-
patic enzymopathies, including arginase deficiency. We have previ-
ously demonstrated in an adult inducible knockout model that
longevity could be attained and biochemical control of ammonia,
glutamine, and arginine could be achieved with hepatic ARG1
mRNA therapy formulated with LNP A.15 In that study, where hepat-
ic arginase 1 was disrupted with Cre/lox-mediated recombination,
mice without treatment perished in 4 weeks; in those studies, we
did not examine the control of guanidino compounds, and instead
focused on survival, ammonia control, and urea-cycle-related amino
acids. In addition, the central nervous system, already developed in
these adult mice, was not examined: CNS neurodevelopmental mye-
lination was already complete.

In these present investigations, we studied the constitutive arginase 1
murine model. This model is challenging as therapy must be effective
or the mice will perish.3,30 While we focused in part on assessing the
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biochemical derangement in urea-cycle-related amino acids and
ammonia, we also analyzed multiple guanidino compounds that are
present in both human patients31 and in the constitutivemurinemodel
of arginase deficiency.2,32 With the exception of homoarginine, some
control of guanidino compounds is achieved. However, most impor-
tantly, we assessed in fine detail and expanded our understanding of
the scope of the neurophenotype of dysmyelination in arginase defi-
ciency and examined if it could be prevented with an intermittent
mRNAtherapeutic approach.Hereinwedemonstrate that intermittent
ARG1 mRNA-formulated lipid nanoparticle administration during a
critical period of CNS myelinogenesis results not only in biochemical
correction (i.e., ammonia, urea-cycle-related amino acids, and guani-
dino compound control) but also in the prevention of dysmyelination.
The findings of the present study also demonstrate that CNS dysmye-
lination is not limited to the corticospinal tract in arginase deficiency;
instead, it is a global CNS leukodystrophy that, at a minimum, also in-
cludes the striatum, internal capsule (includingCST), corpus callosum,
and cingulum bundle. These abnormalities in myelination are consis-
tentwith CNS imagingfindings in the limited number of arginase-defi-
cient patients studied19,21,22 and unpublished autopsy data.

To determine if intermittent mRNA administration could avert CNS
dysmyelination during early neonatal CNS myelinogenesis, we calcu-
lated the G-ratio (smallest G-ratio � thickest myelin sheath layer) in
the CST of the cervical spinal cord in P14 mice. In wild-type Arg1+/+

mice, the G-ratio was 0.775, being consistent with our19 and other
studies33–35 performed in similar regions of the rodent CNS; this inde-
pendent dataset again confirms a theoretical model predicting that the
optimal value of theG-ratio from the rat CNS is�0.77.19,36 TheG-ratio
was highest in the untreated Arg1�/� group (0.829; p < 0.001 versus
Arg1+/+) with thin myelin layers (i.e., elevated G-ratio) when myelina-
tion was present. With the mRNA-treated Arg1�/� group, the G-ratio
was 0.80, approaching that of the wild type (p = 0.006, difference be-
tween wild type and treated biallelic mutant), a dramatic recovery in
axonmyelination and thickness. These data indicate that early intermit-
tentmRNA therapy canmarkedly improvemyelination and its quality.

We also closely examined the density of myelinated axons in the two
genotypes and in one of the LNP treatment groups. Arg1+/+ mice
consistently showed the highest mean density at 0.259 axons/mm2

while untreated Arg1�/� mice showed the lowest at 0.085 axons/
mm2 (p < 0.001); the ARG1 mRNA-treated Arg1�/� group demon-
strated a remarkable recovery in myelinated axon density to 0.208
axons/mm2 (p = 0.160 versus wild type). Thus, myelinated axons,
when present in the untreated Arg1�/�mouse, are reduced in density,
number, and thickness of myelin in the cervical CST; following inter-
mittent mRNA administration at a critical time of myelinogenesis,
there is not only a reduction in the G-ratio (i.e., an improvement)
but also recovery of myelinated axon density and thickness with
active axonal wrapping by oligodendrocyte processes.

The neurologic phenotype in arginase deficiency is understood to
likely be a bystander to the lack of the functional hepatic enzyme.
The relative success of LNPs and hepatocyte expression of exoge-
868 Molecular Therapy: Nucleic Acids Vol. 28 June 2022
nously administeredmRNA can, in part, be attributed to the favorable
physiology of the liver, an organ that is well perfused and with a fenes-
trated endothelium.37 However, recent advances in both mRNA and
lipid carriers greatly added to the efficacy. With systemic administra-
tion, free RNA is rapidly degraded by serum RNases with subsequent
clearance by the kidneys.38 This physiological barrier has been over-
come by formulating RNA into a carrier with adjusted composition,
in this case as a lipid nanoparticle. Because of limited arginase mRNA
and protein39 half-lives (and in this study working with a murine
model with a mutation leading to early mortality unlike the afflicted
human patients), this formulated mRNA-based LNP required
frequent injections to maintain arginase 1 activity in a therapeutic
window to result in survival, urea cycle function, and control of likely
hepatic-originating toxins resulting in oligodendrocyte dysfunction.
LNPs have been shown to improve the uptake of RNA molecules
by cells and facilitate their endosomal release.40 In the case of these
investigations, we implemented initially a study of an LNP (i.e., A)
with an uptake mechanism that works by an apolipoprotein E
(ApoE)-mediated low-density lipoprotein (LDL) receptor-dependent
mechanism that has efficient endosomal escape.23 The interaction of
LNPs with serum apolipoproteins, including ApoE, enhances uptake
into primary hepatocytes.41,42 Multiple receptors have been associ-
ated with ApoE-mediated uptake, the LDL receptor being most
notable, along with numerous LDL receptor family members.

We had proposed an early intervention to prevent both the biochem-
ical abnormalities and, importantly, dysmyelination that occur in
arginase deficiency knowing that postnatal myelination begins to
substantially increase in themouse brain at P8 (data not shown). How-
ever, our data indicate a marked disparity in the efficacy of the nano-
particles used in these studies. LNP B provided much greater delivery
ofARG1mRNA to hepatocytes in vivo, resulting in higher arginase he-
patic protein (as demonstrated by western blot and functional arginase
activity) and greater improvement in control of ammonia, arginase,
and guanidino compounds along with a more pronounced effect on
quantitative myelination of the cingulum bundle and striatum. It is
not clear why LNP A was markedly less efficient than LNP B in hepa-
tocyte mRNA uptake and functional activity for both luciferase and
arginase 1. While LNP A is efficient at expressing luciferase protein
inmuscle/peritoneumnear the site of injection, previous investigations
have demonstrated that arginase expression in myocytes is ineffective
in extending survival and successfully treating arginase deficiency in
mice.43 The studies described in Figure 1 did demonstrate exposure
of the luciferase mRNA-formulated LNP in extrahepatic tissues; how-
ever, outside of the liver for LNP B and the muscle at the site of the in-
jection for LNP A, these were at a low level or modest at best. Very low
levels were detected in the brain, with slightly more modest levels de-
tected in theheart, intestine, kidney, and lung. These extrahepatic levels
(excluding muscle with LNP A), as much as 3 logs lower than the liver
with LNPB, are lowenough thatwe cannot exclude or rule out that they
are present from intravascular blood contamination.

As previously reported,23 LNP A is LDL-receptor-mediated, and
ARG1 mRNA uptake was effective in our previously published
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work in adult animals that primarily examined plasma biochem-
istry.15 While not proved, we speculate that the mechanism of
improved ARG1 mRNA expression mediated through LNP B likely
occurs through a different mechanism than that of LNP A, which
here has reduced efficacy in neonatal and young mice.

There are limitations to the study and the formulated mRNA
approach. We have previously demonstrated that, in order to obtain
long-term survival in arginase deficiency, �10% of wild-type hepatic
arginase activity must be present.44 In these studies, while this was
accomplished with LNP B, the ability to achieve this minimum level
of expression was not reached with LNP A and resulted in a much
higher rate of mortality (i.e., related to hyperammonemia). With
particular attention directed at LNP B, plasma arginine was nearly
normalized; however, hepatic arginine, which is normally nearly un-
detectable, was elevated, likely due to the half-life of the mRNA and
arginase protein, suggesting that only partial restoration was
achieved. Lack of complete correction of intracellular arginine levels
is likely the cause for some of the guanidino compounds to be
incompletely corrected as hepatic arginine is their source. Further-
more, ornithine, a product of the arginase reaction, is reduced in
both plasma and hepatocytes, and is further evidence of insufficient
hepatic arginase activity. The presence of hypoornithinemia
suggests that these treated Arg1�/� mice are in an ornithine
auxotrophic state. Finally, these LNPs were not developed specif-
ically for an intraperitoneal delivery approach (note that serial
intravenous administration would have been challenging at this
age range in mice) and modification potentially could enhance their
delivery of mRNA.

In aggregate, we have the following major findings from this study:
mRNA-based therapy beginning in the neonatal period, even with
restoration of small amounts of hepatic arginase activity, can pre-
vent the dysmyelinating phenotype of the CNS that occurs in argi-
nase deficiency as shown by both light microscopy and EM of the
density of myelin and myelinated axons in the cingulum bundle,
striatum, and cervical corticospinal tract. Subcellular hepatocyte ab-
normalities, previously undetected, are also prevented with formu-
lated mRNA administration. In these studies, ARG1 mRNA lipid
nanoparticles were administered daily, but it is plausible that less
frequent administration may be possible in humans as afflicted pa-
tients are long lived, hyperammonemia is an uncommon occur-
rence, and long-term intravenous access is possible; unlike the
typical afflicted human patient with arginase deficiency, hyperam-
monemia is the cause of mortality in mice. While the proximate
toxin(s) that is likely affecting oligodendrocyte function is not
known, these studies demonstrate that the likely or putative culprits
(i.e., arginine, guanidino compounds) are controlled with intermit-
tent mRNA administration to a level at which oligodendrocyte ac-
tivity for CNS myelination proceeds normally. Finally, differences
in LNPs for hepatic mRNA delivery exist and knowing the mecha-
nism of uptake and endosomal transport will affect the further
development of a mRNA regimen as other tissue- and organ-
directed therapies progress.
MATERIALS AND METHODS
Mouse procedures

The constitutive arginase knockout mouse30 that has been back-
crossed more than 10 times to the NIH-Swiss strain3 was used for
these studies. These mice were housed at the University of California,
Los Angeles (UCLA) colony under specific pathogen-free conditions;
food and water were provided ad libitum and there were no periods of
fasting. The procedures conducted were approved by the the UCLA
Chancellor’s Animal Research Committee. Mice underwent genotyp-
ing by PCR at birth as previously described.3 All attempts were made
to include equal numbers of male and female mice with littermates.
Mice were fed standard mouse chow (Labdiet/PMI Nutrition Interna-
tional, St Louis, MO, USA [Picolab Rodent diet 20, #5053]). Begin-
ning on postnatal day (P) 8, mice were administered daily, by intra-
peritoneal route, 2 mg/kg LNP ARG1 mRNA with a 28- or
31-gauge needle. Arg1+/+, untreated Arg1�/� and treated Arg1�/�

mice (that survived) were euthanized on either day 14, 2 h after the
injection, on day 15, 24 h after the injection for the collection of
plasma and liver after the final mRNA/LNP injections, or at the
end of the study at day 28.
mRNA synthesis and formulation

Codon-optimized mRNA and synthesis of human ARG1 and firefly
luciferase were performed using typical methods as previously
described.15,45 Formulation of both LNPs were performed as previ-
ously described.24 Briefly, ionizable, fusogenic, structural, and poly-
ethylene glycol (PEG) lipids were dissolved in ethanol and mixed
with mRNA at a molar ratio of 3:1 (mRNA:lipid). LNP A and LNP
B formulations utilized heptadecan-9-yl 8-((2-hydroxyethyl) (8-
(nonyloxy)-8-oxooctyl)amino)octanoate and 2-(dinonylamino)-1-
(4-(N-(2-(dinonylamino)ethyl)-N-nonylglycyl)piperazin-1-yl)
ethan-1-one ionizable lipids, respectively, with all other lipids as
described previously.24
Ammonia analysis

Ammonia determination was performed using Ammonia Assay Kit
(Abcam, Cambridge, MA, catalog # ab83360) as per manufacturer’s
instructions;46 duplicate plasma samples were processed. Prolonged
plasma storage was avoided and sample testing performed with all
samples simultaneously to avoid batch effect.
Analysis of metabolites profiling

The concentration of plasma and liver amino acid levels were
determined by HPLC utilizing precolumn derivatization with
o-phthalaldehyde as in Nissim et al.47 The concentration of guanidino
compounds, including creatine (CRE), creatinine (CRN), guanidine-
acetic acid (GAA), L-homoarginine (L-HA), keto-arginine (KA), and
argininic acid (AA) were determined using Agilent 1260 liquid chro-
matography (LC) combined with triple-quad 6410B mass spectrom-
etry (MS). Briefly, 10 mL of 1 mM internal standard (IS), epsilon
amino caproic acid (EACA) was added to 10 mL of plasma. For
measuring CRN and KA, samples were reconstituted in 0.1% formate
in H2O (solution A) and used for analysis by liquid chromatography
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(LC)-MS. For measuring CRE, GAA, L-HA, and AA, a separate
portion of the plasma samples was derivatized with 3N HCL-butanol
and heated for 15 min at 60�C, then dried and reconstituted with
100 mL of solution A for LC-MS analysis. For LC-MS metabolites
analysis, we used an Agilent Poroshell 120 EC-C18 column with mo-
bile phase consisting of solution A and solution B (0.1% formate in
acetonitrile and 0.005% trifluoroacetic acid). For underivatized com-
pounds, the multiple reaction monitoring (MRM) 132-41; 174-114;
and 114-44 were used for measurement of IS, KA, and CRN, respec-
tively. For derivatized compounds, we used MRM 188-69, 232-71,
245-84, 174-101, and 188-44 for measurement of IS, AA, L-HA,
GAA, and CRE, respectively.

Functional arginase analysis

Hepatic arginase activity wasmeasured in duplicate from prepared ly-
sates as previously described.3 Briefly, liver tissue was homogenized in
40 mL of 0.1% Triton X-100 and Halt protease inhibitor cocktail
(Fisher Scientific, Hampton, NH) per milligram of tissue. Ten micro-
liters of tissue lysate was diluted with water to a final volume of
100 mL; this was added to 100 mL of 25 mM Tris-HCl (pH 7.5) and
20 mL of 10 mM MnCl2. Arginase enzyme was activated by heating
the sample to 56�C for 10 min followed by the addition of 100 mL
of 0.5 M L-arginine (pH 7.9) and incubation for 1 h at 37�C. Conver-
sion of arginine to urea was stopped with addition of 900 mL of acid
mix (1:3:7 mixture of H2SO4 [96%]:H3PO4 [85%]:water). Forty mi-
croliters of 9% 1-phenyl-1,2-propanedione-2-oxime (ISPF, Sigma Al-
drich, St Louis, MO) dissolved in ethanol, was added, followed by
incubating at 95�C for 30 min for color development. Subsequently,
samples were diluted 1:6 with water and 200 mL was used to measure
absorbance at 540 nm. Urea standards ranging from 0.03 mmol to
0.5 mmol were used creating a calibration curve. To normalize the
arginase activity measured above, the total protein content (Bio-
Rad, Hercules, CA) was determined.

Western blot

Preparation of the protein samples and western blotting were carried
out as described.48 Briefly, liver specimens were homogenized in
RIPA buffer containing Halt protease inhibitor cocktail (Thermo
Fisher, Waltham, MA) to isolate proteins. Fifty micrograms of the to-
tal protein extract, quantified with Bio-Rad Protein Assay Dye (Bio-
Rad, Hercules, CA), were separated by SDS-PAGE and probed with
ARG1 antibody (Thermo Fisher, catalog # PA5-29645) at 1:1,250,
and b-tubulin antibody (Abcam catalog # ab6046; 1:2,500) was
utilized as loading control. Targeted proteins were labeled by
horseradish peroxidase (HRP)-conjugated goat anti-rabbit immuno-
globulin G (IgG) (Santa Cruz Biotechnology, Dallas, TX, catalog # sc-
2004; 1:5,000) and detected using SuperSignal West Pico PLUS
Chemiluminescent Substrate (Thermo Fisher).

Histology and immunohistochemistry of liver

Explanted livers from euthanized animals were fixed in 10% neutral
buffered formalin (v/v) for 48 h and subsequently stored in 70%
ethanol. Standard procedures were employed for paraffin embedding
of the tissues. Five-micrometer-thick cross sections of these paraffin-
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embedded tissues were collected on microscope slides and stained us-
ing standard immunohistochemistry procedures. Briefly, the sections
were deparaffinized in xylene and rehydrated in serial washes of
ethanol. Antigen retrieval was performed in 10 mM sodium citrate
buffer pH 6.0 in a steamer for 40 min followed by incubation at
room temperature (RT) for 30 min. For ARG1 and GLUL, tissue sec-
tions were permeabilized with 0.1% Triton X-100 in PBS for 10 min
prior to 1-h blocking with 10% normal goat serum. After blocking,
sections were incubated with primary antibodies diluted in the block-
ing buffer overnight at 4�C; hARG1 antibody (Thermo Fisher Scien-
tific PA5-29645) at 1:100, glutamine synthetase (GLUL) (Abcam
ab64613) at 1 mg/mL. After incubating with primary antibody, the
sections were stained with goat anti-rabbit secondary antibody (Invi-
trogen A-11012), Goat anti-mouse secondary antibody (Invitrogen
A-11001) both at 1:400 or goat anti-rat HRP (Abcam ab97057) at
1:200 for 1 h at RT. For fluorescence staining, the cell nuclei were
counterstained with DAPI using VECTASHIELDAntifadeMounting
Medium with DAPI (Vector Laboratories) and visualized with LSM
800 confocal microscope (Carl Zeiss, Oberkochen, Germany). For
3, 3’-diaminobenzidine (DAB) staining, sections were treated using
DAB Substrate Kit, Peroxidase (HRP) (Vector Laboratories) using
manufacturer instructions. Following this, sections were counter-
stained with hematoxylin (Harris Modified Method Hematoxylin
Stain) using standard procedures, mounted with DPX (Fisher Scien-
tific), and visualized using Aperio ScanScope AT and ImageScope
software (both Leica Biosystems, Wetzlar, Germany).

Luxol fast blue staining

Luxol fast blue staining for myelinated axons was performed by stan-
dard methods.

Immunostaining for myelin basic protein

P14 mice were transcardially perfused with 5–10 mL of cold 4% para-
formaldehyde (PFA) (Electron Microscopy Services). Whole brains
were removed and then post-fixed in 4% PFA for 48 h at 4�C before
being transferred to 70% ethanol. Immunostaining for myelin basic
protein (MBP) was performed on 5-mm-thick paraffin-embedded cor-
onal tissues sections by standard procedure, as described briefly above.
Overnight incubation in rat anti-MBP primary antibody (Abcam,
ab7349) at a 1:100 dilution was followed by secondary antibody incu-
bation with a 1:200 dilution of goat anti-rat HRP antibody (Abcam,
ab97057) for 1 h at RT and DAB chromogen staining (Vector Lab,
SK-4100). A hematoxylin counter stain (Fisher, SH30-500D) was
done before mounting and imaging. For quantification, 10� and
20� magnification scans were acquired using Aperio ScanScope AT
and Aperio ImageScope software v.12.4.3.5008 was used to frame im-
ages with the regions of interest (both Leica Biosystems).

Images of the cingulum bundle were taken at 20� by setting the
cingulum bundle in the center of the frame. Images of the striatum
were taken at 10� magnification. The region selected was defined
by setting the bottom edge of the lateral ventricle to the top of the
frame and lateral-most edge of the corpus callosum to the right side
of the frame.
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ImageJ quantification

MBP-immunostaining semi-quantification was performed using Im-
ageJ with Fiji plugin (NIH) and analyzed by a one-way ANOVA fol-
lowed by Tukey’s multiple comparisons test with GraphPad Prism
v.9.0.1 (GraphPad Software, San Diego, CA). Animals as n = 5 per
group were analyzed.

For each area of interest, the images first underwent color deconvolu-
tion to separate the DAB staining from the hematoxylin counter stain.
This was done through the color deconvolution addition with the Fiji
plugin, using the existing H DAB vector option. Using the Color 2
window (R, 0.26814753; G, 0.57031375; B, 0.77642715; this is the
channel that corresponds to the DAB staining in an eight-bit scale),
threshold values were established and then set across all samples.
The threshold value was established by normalizing the value to the
wild-type samples. For the DAB channel of each wild-type image,
an upper-level threshold value was chosen such that the pixels below
this value covered the DAB-stained tissue but not the unstained back-
ground (the red highlighted pixels should cover the stained tissue and
not the unstained tissue; this is the area that will be counted). The up-
per-limit values for each wild-type image were averaged together, and
that value was used as the upper-limit threshold value across all im-
ages for the region of interest. The fraction of pixels below this
threshold on the histogram were considered stained tissue, and the
pixels above this value were unstained. The percentage area of stained
tissue within each image was then measured.

Macro program for running established threshold value on all sam-
ples where “name” is the file image name and “X” is the calculated
normalized upper-limit threshold value:

run("Color Deconvolution", "vectors = [H DAB]"); selectWindow
("name.tif-(Colour_2)"); setAutoThreshold("Default"); //run("Thres-
hold. "); //setThreshold(0, X); setOption("BlackBackground", false);
run("Convert to Mask"); run("Measure").

mRNA in situ hybridization

mRNA in situ hybridization was performed using RNAScope tech-
nology on the automated Leica BOND RX autostainer platform using
the RNAScope 2.5 LS Reagent Kit-BROWN from Advanced Cell Di-
agnostics (Newark, CA) to targetARG1mRNAwith control probes to
the housekeeping gene Mus musculus peptidylprolyl isomerase B
(Ppib); mRNA (catalog # 313918, ACD) as a positive control; the bac-
terial gene dihydrodipicolinate reductase (DapB) (catalog # 312038,
ACD) as a negative control was also used as a quality control check
for tissues. This was performed as previously described.15

Electron microscopy

Animals

Three genotype groups of P14 mice were included in the EM study:
wild-type group (n = 3), untreated Arg1�/� knockout group (n =
3), and treated Arg1�/� knockout group (n = 3). Mice were anesthe-
tized with pentobarbital (10 mg/mL) and perfused through the heart
first with cold 1� PBS solution for 1–2 min until clean, then perfused
with 4% paraformaldehyde plus 2.5% glutaraldehyde in 1� PBS solu-
tion for at least 5 min. Brains were removed and stored in the fixative
solution at 4�C.

Brain sample preparation

Cervical segments of spinal cord containing CSTwere processed. Cer-
vical segment (C1–C7) spinal cords were identified under a dissecting
microscope; sections approximately 0.5–1 mm in thickness were cut
coronally with a sharp surgical blade and saved in the cold 1� PBS
solution. The dorsal tract of cervical spinal cords was further verified
under the dissecting microscope and carefully dissected out for
embedding.

EM procedure

Sections containing CST were processed for EM analysis based on the
previous studies.18,19 Briefly, sections were fixed in 2% OsO4 PBS for
30 min; after washing in PBS, sections were dehydrated in 70%, 90%,
95%, and 100% ethanol, and then in 100% acetone. Sections were pro-
cessed in 1:1 pure acetone andAraldite (Ted Pella, Redding, CA) for 1 h
andplaced in freshlymadepureAraldite overnight at 4�C.Thenext day,
sections were transferred to Araldite solution for 3–4 h, and then were
mounted on siliconized slides with glass coverslips (Sigmacote, Sigma,
St Louis,MO) and polymerized in a 60�C–70�Coven for 48h. Polymer-
ized sections were examined under a dissecting microscope to confirm
dorsal tract of spinal cord containingCSTandcarefully dissectedusinga
sharp surgical blade. Sections containing these regionswere glued to the
blank Araldite blocks using superglue and dried in air. Sections were
trimmed on a UCT Ultramicrotome (Leica), and a typical cutting sur-
face of the sectionwas about 2� 2mm2 includingmajor portion of dor-
sal tract in spinal cord. To further confirm the selected regions histolog-
ically, the semi-thin sections (about 400–600 nm in thickness) were cut
on the ultramicrotome using a diamond knife and sections were
collected on clean glass slides in drops of water, dried on a hot plate.
The slides were stained with toluidine blue; the semithin sections
were examined under a light microscope and the regions including
CST in spinal cord were confirmed. The blocks were then trimmed
and 60- to 70-nmultrathin sections were cut on the ultramicrotome us-
ing a diamond knife. Thin sections were collected on Formvar-coated
single-slot copper grids (EMS,Hatfield, PA) and stainedwith uranyl ac-
etate and lead citrate to enhance contrast.

EM imaging

Stained thin sections were examined in a JEM1200-EX (JEOL) elec-
tron microscope at 80 kV. Images were acquired using a wide-angle
(top mount) BioScan 600 W 1 K � 1 K digital camera (Gatan, Pleas-
anton, CA). For axon analysis, EM images were taken at 8,000�, each
image covering approximately 274 mm2, which is the unit area for
myelinated axon number counting and density calculations. For visu-
alizing the fine structure of axons and myelin sheaths, some images
were taken above 20,000�. All the images were saved both as Gatan
3 format and Tiff format, and the files in Tiff format were imported to
ImageJ (NIH) for counting and measuring or to Adobe Photoshop
CC (Adobe System, San Jose, 2018) for image editing and figure
composition.
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EM data quantitative analysis

From EM imaging analysis, we generated two sets of data:

(1) Myelinated axon density and comparison in CST of cervical spi-
nal cord in three groups of P14 mice. Myelinated axons are
defined as the axon caliber covered by at least one layer of elec-
tron-dense myelin sheath regardless of the sagittal- or coronal-
sectioned plane. In each genotype group, for each animal, about
15–20 images were taken from the CST region, each image
covering approximately 274 mm2. Total myelinated axons were
identified and counted in ImageJ (NIH), thus, the density of
myelinated axons in each unit area is calculated as the total num-
ber of myelinated axons counted/274 mm2 or number of myelin-
ated axons/mm2. For each genotype, three mice were included for
quantitative analysis. The myelinated axon density values were
scatter plotted using Excel and compared in genotype groups.

(2) Myelin sheath thickness (G-ratio) analysis and a comparison of
myelinated axon diameters in CST of three genotype groups.
The myelinated axon G-ratio analysis was carried out using EM
images taken at 8,000�. For each genotype group, three mice
were included. In each animal, about 15 EM images were im-
ported to ImageJ, for each image, approximately 20–50 coronally
cutmyelinated axons were identified and chosen formeasurement
based on themethod detailed in previous publications49,50. Briefly,
for eachmyelinated axon, its axon diameter (a) and entire myelin-
ated fiber diameter (A) were measured and recorded, and G-ra-
tio = a/A. Thus, at least 50 myelinated axons from each genotype
were measured and their G-ratio values were calculated. To
analyze the relationship between G-ratio values and myelinated
axon diameters, the G-ratio values and axon diameters of myelin-
ated axons from each genotype were plotted in Excel, and a regres-
sive analysis was applied to determine their linear correlations.
The axon diameters (a) of all the myelinated axons for G-ratio
analysis were calculated for each genotype group and compared.

EM data presentation

All the EM images were saved in Tiff format and imported to Adobe
Photoshop CC for adjusting size, contrast, and brightness. The images
were saved at a final resolution of 300 dots per inch (dpi). All other
histograms or bar graphs were generated in Excel, saved as PDF file
format, and imported to Adobe Photoshop. All the figures were
composed in Adobe Photoshop CC.

A detailed EM protocol for liver samples was provided in a previous
study.15

Assays for luciferase activity

Tissues were removed and placed in flat-bottomed 2.0-mL small cap-
ped tubes (USA Scientific, Ocala, FL) with lysis buffer (Promega,
Madison, WI) and placed in an ice slush. Tissues were homogenized
with a hand-held homogenizer (Omni International, Marietta, GA).
Specimens were centrifuged at 4�C at 13,200 rpm for 5 min and
then returned to ice. A luminometer (Berthold Detection Systems,
Oak Ridge, TN) was used to measure total light emission according
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to the manufacturer’s instructions. All samples were measured for
10 s after a 5-s delay. Luciferase levels were determined in triplicate
by luminometry and recorded as relative light units (RLU).51

Protein assay

Samples were centrifuged at 13,200 rpm for 5 min and dilutions pre-
pared in 96-well plates. Protein determination was performed in
duplicate (Bio-Rad, Hercules, CA) and specimens were analyzed on
a microplate reader (Bio-Rad, Hercules, CA) at 750 nm. Samples
were performed in duplicate and compared with protein standards.
Mean and standard error of the mean (SEM) was calculated. Lucif-
erase levels by luminometry were normalized after protein concentra-
tions of the liver samples were determined (RLU/mg protein).51

Bioluminescent imaging

Six hours after lipid-formulated luciferase mRNA injection, mice
were placed on a warming table and administered luciferase substrate
(D-luciferin, Caliper Life Sciences, Mountain View, CA; 150 mg/kg
IP) as previously described.52 Briefly, 5 min later, the isoflurane-anes-
thetized mice were imaged using the bioluminescence optical imager
(IVIS 200; Xenogen, Alameda, CA). Mice were immediately placed in
a light-tight chamber and baseline gray-scale body-surface images
were taken. Afterward, photons emitted from the firefly luciferase re-
action within the animal were acquired to demonstrate the photon
diffusion pattern. Maximal luciferase signals were semiquantified us-
ing Living Image (Xenogen) and IGOR (Wavemetrics, Lake Oswego,
OR) image analysis software. Visual output represents the number of
photons emitted per second per square centimeter as a pseudocolor
image.

Statistical analysis

Data analysis was performed with Prism v.9.0.1 statistical package
(GraphPad Software). Results are expressed as mean ± SD, except
in bioluminescent imaging, where SEM was used. p values were
considered statistically significant when <0.05 and were determined
using one-way ANOVA Dunnet’s multiple comparisons test. Log
rank test was utilized for trend to compare survival.
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Supplementary Figure 1: Abnormalities of Hepatic Amino Acids are Improved with ARG1 mRNA delivered by Lipid Nanoparticle B.

Derangements of the urea cycle related hepatic amino acids of A) alanine, B) arginine, C) aspartate, D) citrulline, E) glutamate, and F)

glutamine are improved with the LNP B ARG1 for mRNA delivery; ornithine (G) remains reduced. (n=6-7 per group) (ARG1, arginase 1; LNP,

lipid nanoparticle) Data are represented as mean ± SD.
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Supplementary Figure 2: Myelin Detection with Luxol Fast Blue Demonstrates Generalized CNS Reduction in Arginase Deficiency that is

Restored with mRNA Therapy. Representative images of the copper phthalocyanine dye Luxol Fast Blue staining to detect myelin in P14 mice:

A) Arg1+/+, B) untreated Arg1-/-, C) LNP A ARG1 mRNA treated Arg1-/-, and D) LNP B ARG1 mRNA treated Arg1-/-. (CNS, central nervous

system; mRNA, messenger ribonucleic acid; P, postnatal day; ARG1, arginase 1; Arg1, arginase 1; LNP, lipid nanoparticle)
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