
Received: 14 December 2021 Revised: 3 February 2022 Accepted: 4 February 2022

DOI: 10.1002/ctd2.33

RESEARCH ARTICLE

Restoring ornithine transcarbamylase (OTC) activity in an
OTC-deficient mouse model using LUNAR-OTCmRNA

Hailong Yu1 Edward Brewer2 Michael Shields3 Michael Crowder4

Cristiano Sacchetti1 Benchawanna Soontornniyomkij1 Dandan Dou5

Brenda Clemente1 Marciano Sablad1 Padmanabh Chivukula1 Steve Hughes1

Scott Roberts1 Kumar Rajappan1 Steve Tannis1 Rose Sekulovich1

Suezanne Parker1 Pattraranee Limphong1

1Arcturus Therapeutics, San Diego,
California, USA
2Pyxant Labs, Colorado Springs,
Colorado, USA
3Salvia Scientific, Encinitas, California,
USA
4Miami University, Oxford, Ohio, USA
5Pharmaron Beijing Co., Beijing, China

Correspondence
PattraraneeLimphong,ArcturusThera-
peutics, SanDiego,CA92121,USA.
Email: patty@arcturusrx.com

Graphical Abstract

Patients of ornithine transcarbamylase (OTC) deficiency lack the OTC activity in
the liver. Using anOTC deficiencymousemodel, we demonstrated that LUNAR-
OTC, an OTCmRNAmedicine, enables full restoration of OTC activity inmouse
liver. Moreover, the OTC activity in the plasma is a surrogate assay for OTC
activity in the liver, which can serve as a pharmacodymaic endpoint without the
necessity of liver biopsies.
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Abstract
Ornithine transcarbamylase (OTC) catalyses the reaction from ornithine to
citrulline in the urea cycle. Ornithine transcarbamylase deficiency (OTCD)
results in episodes of hyperammonemia.Arcturus Therapeutics developed a lipid
nanoparticle (LNP)-encapsulated OTC-mRNA (LUNAR-OTC) that results in a
replacement enzyme and is currently undergoing clinical trials. In this study,
the efficacy of LUNAR OTC-mRNA drug in the spfash mouse model was exam-
ined by measuring the OTC enzyme activity and protein expression in the liver
and plasma of OTC-mRNA-treatedmice. Using purified citrulline-D4 as the sub-
strate improved the sensitivity of the OTC activity assay and allowed us to quan-
tify the ornithine-D4 product from the mouse plasma samples. OTC activity in
the liver showed a clear dose response: The lowest dose, 0.3 mg/kg, resulted in
higher activity than that of the untreated group, and the highest dose, 3 mg/kg,
resulted in completely restored OTC activity in the liver. OTC activity in plasma
was also dose-dependent.A clear positive correlation between theOTCactivity in
the liver and that in the plasma suggests that the plasma OTC activity assay may
serve as a surrogate for measuring OTC activity in liver biopsy samples. In addi-
tion, the OTC protein expression levels correlated well with the OTC activity in
liver samples, but there was no quantifiable OTC protein in the plasma samples.
This finding suggests that the sensitivity of the OTC activity assay is superior to
that of the protein expression assay. Overall, the results of this study suggest that
theOTC activity assay described here can be used as a clinical pharmacodynamic
endpoint to measure the effectiveness of OTCD treatment.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the
original work is properly cited.
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1 BACKGROUND

In the human body, the urea cycle functions to elimi-
nate toxic ammonia by converting it to urea,1 which is
then excreted in the urine. The most proximal enzyme
in the urea cycle is ornithine transcarbamylase (OTC),
which is located in the mitochondria of periportal hep-
atocytes. OTC catalyses the condensation of carbamoyl
phosphate with ornithine, forming citrulline and phos-
phate. Partial or complete inactivity of the OTC enzyme
results in impaired synthesis of citrulline and urea and,
consequently, low plasma levels of citrulline and arginine
and increased plasma levels of ammonium and glutamine.
Additionally, carbamoyl phosphate is diverted into pyrim-
idine synthesis, leading to an increase in the excretion
of urinary orotic acid, another marker for OTC disease
(OTCD).2,3
Clinically, OTCD is characterised by life-threatening

episodes of hyperammonemia. The current standard of
care treatment includes dietary protein restriction, argi-
nine and citrulline supplementation and daily adminis-
tration of “ammonia scavengers,” such as glycerol phenyl-
butyrate. Haemodialysis may be required for the rapid
reduction of plasma ammonia levels. Despite all of these
treatments, 60% of surviving children with OTCD have
disabling neurological complications.4 Because the only
cure for OTCD to date is a liver transplant, there remains a
high unmet need for an effective treatment for this disease.
Two mouse models for OTCD are currently being used:

the sparse fur (spf) mouse, which carries a missense
mutation that results in partial (10%) activity of the
OTC enzyme in the liver,5 and the spfash (abnormal skin
and hair) mouse model, which carries a point mutation
(c.386G>A), resulting in only 10% of mRNA levels corre-
sponding to a normally spliced product in greatly reduced
concentration. Overall, hepatic OTC activity in the spfash
mouse was reported by several authors to be 5%–10% of
wild-type (WT) levels.6,7
Elevated levels of ammonia, orotic acid and altered

amino acid profiles are used as common biochemical
diagnostic tools for OTCD. Since OTC is a liver enzyme,
measurement of its activity in animal studies is usually
conducted by taking liver biopsies; the amount of cit-
rulline is routinely measured by a colorimetric assay.6 In
clinical settings, OTC activity in the liver, for which liver
biopsies had to be taken, was once considered the gold
standard for OTCD diagnosis. Radioactive ornithine was

used as a substrate, and the radioactivity of citrulline was
measured using high-performance liquid chromatography
(HPLC) and either a radioactivity flow monitor or a
scintillation counter.8 Recently, a method for measuring
OTC enzyme activity directly in human plasma using
liquid chromatography-tandem mass spectrometry (LC-
MS/MS) was shown to enable differentiation of OTCD
hemizygotes and most of the symptomatic heterozygotes
from controls.9 The authors used the reverse reaction from
citrulline to ornithine to measure the enzyme activity.
Stable isotope-labelled citrulline (Cit-D4) was used as the
substrate, and stable isotope-labelled ornithine (Orn-D4)
was the product quantified by LC-MS/MS.
For our work, we adapted the method of Krijt et al.

(2017) and made changes that resulted in improved
measurements of OTC activity. Subsequently, we used a
modified assay to examine the efficacy of a lipid nanopar-
ticle (LNP)-encapsulated OTC-mRNA formulation in the
restoration of OTC activity in spfash mice (Figure 1).

2 METHODS ANDMATERIALS

2.1 Materials

L-Citrulline D4, L-Ornithine D4 and L-Ornithine-13C5,
15N2 were obtained from Cambridge Isotope Laboratories
(Andover, MA, USA). LC-MS grade solvents were from
Fisher Scientific (Fair Lawn, NJ, USA).

2.2 Purification and quantification of
ornithine-D4 in crude and purified
citrulline-D4 materials

Crude L-citrulline-D4 was purified by Pharmaron Beijing
using a proprietary method involving preparative liquid
chromatography with a 100% aqueous compatible C18
column. To examine the residual ornithine-D4 (Orn-
D4) content before and after purification, an HPLC-MS
method was developed using an Agilent 1290 UPLC with
a 6470 triple quadrupole MS system. The column was
Phenomenex Cosmosil C18-AC, 50× 2.1 mm, 3 µm.Mobile
phase (MP) A: 20 mM ammonium formate (pH 3.0) in
water; MP B: 0.1% formic acid in acetonitrile. Column
temperature: 25◦C. The flow rate was 0.4 ml/min. Iso-
cratic elution: 50% B for 8 min. Mass spectrometer detector
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parameter: AJS-ESI ion source. Drying gas temperature:
330◦C. Drying gas flow rate: 13 L/min. Sheath gas tem-
perature: 390◦C, sheath gas flow rate: 12 L/min. Nebulizer
pressure: 35 psi. Capillary voltage: 1500 V. Nozzle voltage:
0 V. Positive MRM mode was used: Orn-D4: 137 → 74;
lysine, internal standard: 147→ 84.
The sample and standard were diluted to 10 mg/ml

in acetonitrile:water (3:7, v/v) with 50 ng/ml of internal
standard (L-lysine) before the analysis.

2.3 Treatment of a preclinical spfash
mouse model with a Lunar-OTC
formulation

Hemizygous male OTC spfash mice (The Jackson Labora-
tory, Stock No. 001811) were derived by crossing B6EiC3Sn
a/A-Otcspf-ash/J Het mice × B6EiC3SnF1/J mice, as
homozygous mice are not viable. Heterozygous male
B6EiC3SnF1/J mice (The Jackson Laboratory, Stock No.
001875) were used asWT controls. Animals had ad libitum
access to standard rodent chow (Teklad, Envigo++++) or
a high protein diet (Test Diet, #5TVW).
At the beginning of the study, spfash mice received an

intravenous (IV) injection dose of phosphate-buffered
saline (PBS) or a LUNAR-OTC formulation (0.3, 0.5, 1, 3
mg/kg mRNA dose, n = 4/group). As a positive control
for OTC activity, WT mice were intravenously dosed with
PBS. After 24 h, plasma and liver samples were taken for
OTC activity measurement.

2.4 OTC activity assay

2.4.1 Enzymatic incubation and sample
preparation

Mouse liver was first homogenised in water at a 1–5 dilu-
tion using a Precellys homogenizer at 5000 RPM for 30 sec-
onds twice. The homogenates were frozen at −80◦C until
analysis. Thawed homogenateswere first diluted 800 times
with PBS. To set up the enzymatic incubation in a 96-well
plate, 25 µl of diluted liver homogenate was mixed with 7.5
µl of 0.1U/µl shrimp alkaline phosphatase (ThermoFisher,
783901000UN) in PBS and 17.5 µl of 20 µg/ml purified Cit-
D4 in PBS. After brief centrifugation and vortex mixing,
the plate was incubated at 37◦C overnight. On the second
day, the enzymatic reactionwas stopped by adding 350µl of
0.2% formic acid in 80:20 (v/v) acetonitrile-methanol solu-
tion with 25 ng/ml of the internal standard Orn-13C5,15N2.
After vortex mixing at 1000 rpm for 5 min, the plate was
centrifuged at 2800 × g for 10 min. Subsequently, 200 µl of
supernatant was transferred to a new plate before LC-MS

analysis. Calibration standards and quality control (QC)
samples of Orn-D4 were prepared in PBS and extracted in
the same way as the liver samples.
Enzymatic incubation and sample preparation of

plasma samples followed the same method as the liver
samples. The only two differences were that (1) after
incubation, the reaction solution was cleaned up with a
Biotage XC plate, and (2) the calibration standards and QC
samples of Orn-D4 were prepared in plasma and extracted
in the same way as the samples.

2.4.2 LC-MS quantitation

SCIEX LC-MS API400 and SCIEX LC-MS QTRAP 6500
were used for Orn-D4 quantitation. Column: BEH-Amide
column (Waters, 2.1 × 50 mm, 3 µm). MP A: 10 mM
ammonium formate with 0.2% formic acid in water; MP
B: 10 mM ammonium formate with 0.2% formic acid in
90/10 (v/v) methanol-water. The flow rate was 0.5 ml/min.
Elution gradient: 0 min: 90% B, 0.3 min: 90% B, 3.0 min,
45% B, 5.0 min: 45% B, 5.1 min, 90% B, 8.0 min, 90% B. The
column temperature was 60◦C. Mass spectrometry was
performed in positive MRM mode: Orn-D4: 137.1 → 74.2;
Orn-13C5,15N2: 140.1 → 75.2. The OTC enzyme activity of
the plasma sample was calculated as the concentration
of Orn-D4 (nmol/L) divided by the incubation duration
(hours). The OTC enzyme activity of the liver sample
was calculated as the concentration of Orn-D4 (nmol/L)
divided by the incubation duration (hours) multiplied by
the sample dilution factor.

2.5 Quantitation of human OTC (hOTC)
expression levels in mouse liver and plasma

Mouse liver lysates and plasma samples were analysed for
the presence of human OTC (hOTC) with a Jess Simple
Western System (Protein Simple, Cat# 004–650) using a
Protein Normalization Assay Module kit (Protein Simple,
Cat# AM-PN01). Briefly, total liver protein lysates were
quantified with a bicinchoninic acid assay (Thermo Fisher
#23225), and 200 ng/µl was loaded on the Jess system.
Plasma samples, however, were diluted 1:1000 to avoid
interference with the Jess capillary matrix and then loaded
on the Jess system. A mouse anti-human OTC antibody
diluted 1:1000 (Atlas Cat. Nr AMAB91264, Lot 3084), in
combination with an anti-mouse module (Protein Simple,
Cat#DM-002), were used for chemiluminescent detection.
The results were reported as micrograms of hOTC for mil-
ligrams of liver total protein lysate or millilitres of plasma
using a standard curve obtained with a recombinant
hOTC protein (Abcam Cat# ab123452). Compass software
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(Protein Simple) was used to obtain Jess raw signals, while
Microsoft Excel and GraphPad Prism software were used
to analyse and visualise the results.

3 RESULTS

Determination of OTC activity via an assay in human
plasma described by Krijt et al is a noninvasive diagnostic
tool for OTCD.9 To evaluate this method for potential
use as a pharmacodynamic assay in a clinical trial of
OTCD therapy, we adapted the method to measure the
OTC activity in the plasma and liver of spfash OTCD mice
treated with different doses of a LUNAR-OTC formu-
lation in which mRNA encoding the OTC enzyme was
encapsulated in a LNP.

3.1 Assay setup

The general assay setup was similar to that described by
Krijt et al. (2017), who found it difficult to determine low
OTC activity in plasma in the forward direction (Orn →

Cit) because the same reaction occurred simultaneously
nonenzymatically at a high rate in the assay mixture.
Therefore, the investigators determined OTC activity by
using the reverse enzymatic reaction, whose nonenzy-
matic counterpart occurred at a much lower rate: stable
isotope-labelled Cit-D4 in PBS was added to the samples
as the substrate. The products of this reverse reaction were
Orn-D4 and carbamoyl phosphate. The Orn-D4 content
was quantified by LC-MS to calculate the enzymatic
activity. The other product, carbamoyl phosphate, was
continuously removed by shrimp alkaline phosphatase,
which was also added in this reaction, which ensured that
the reaction occurred only in the reverse direction.

3.2 Impurity of Orn-D4 in Cit-D4
limited assay sensitivity

To confirm whether OTC activity in the liver can indeed
be detected in the plasma, a preclinical pharmacological
OTCD model, the spfash mouse, was used. Different doses
of a LUNAR-OTC formulation were administered to spfash
mice by IV injection, which delivers OTC mRNA into the
liver. After 24 h, the animals were sacrificed, and the liver
and plasma were collected. The experimental design is
presented in Table 1.
In our initial trial, we found that the Cit-D4 substrate

had noticeable Orn-D4 as an impurity. Since Orn-D4
was the enzymatic product we measured, the presence
of Orn-D4 in Cit-D4 elevated the assay’s background

TABLE 1 In vivo study design. To examine the efficacy of the
lipid nanoparticle (LNP)-encapsulated ornithine transcarbamylase
(LUNAR-OTC) formulation, ornithine transcarbamylase
(OTC)-deficient model spfash mice were given escalating doses of the
LUNAR-OTC formulation through intravenous injection. After 24
h, animals were sacrificed and the plasma and livers were sampled
to measure the OTC enzyme activity and protein expression level.
spfash mice dosed with phosphate-buffered saline (PBS) served as
the negative control. Wild-type mice dosed with PBS served as a
positive control

Group Animal
Dose
(mg/kg) N

Time
point (h)

1 spfash PBS 5 24
2 spfash 0.3 5 24
3 spfash 0.5 5 24
4 spfash 1 5 24
5 spfash 3 5 24
6 WT PBS 5 24

TABLE 2 Ornithine-D4 concentration (ng/ml) in mouse
plasma after enzymatic incubation using crude citrulline-D4 as
substrate. During initial method development and sample analysis,
the ornithine transcarbamylase (OTC) activity in mouse plasma was
measured using crude commercial citrulline-D4 as a substrate.
Because of the presence of ornithine-D4 in the substrate, after
enzymatic incubation, the concentrations of ornithine-D4 were
similar between the negative control group (OTC-deficient mice
treated with phosphate-buffered saline [PBS], OTCD-PBS) and two
low dose groups (OTC-deficient mice treated with 0.3 or 0.5 mg/kg,
OTCD-0.3 and OTCD-0.5 mg/kg). The ornithine-D4 concentration
in individual animals are shown

Treatment OTCD-PBS
OTCD-0.3
mg/kg

OTCD-0.5
mg/kg

Animal 1 1.43 1.75 2.09
Animal 2 1.3 1.82 2.1
Animal 3 1.44 1.56 2.98
Animal 4 1.3 1.55 2.43
Animal 5 1.29 1.43 1.64

signal and thus lowered its sensitivity. As seen in Table 2,
the difference between the PBS-treated OTCD animals
and low-dose-treated animals was not significant. Fol-
lowing the FDA/EMA guideline that the lower level of
quantitation (LLOQ) must be five times higher than the
background/baseline, the OTC activity in the 0.3 mg/kg
and 0.5 mg/kg groups was below the limit of quantitation.

3.3 Purification of Cit-D4 with
preparative LC

To improve the sensitivity of the assay for plasma samples,
the crude Cit-D4 substrate was purified to remove the Orn-
D4 impurity.
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F IGURE 1 Separation of ornithine (Orn) and citrulline (Cit) by preparative liquid chromatography (LC). To purify the commercial
crude citrulline-D4 substrate and remove the ornithine-D4 impurity in it, a preparative LC method was developed. A chromatogram of a
mixture of 1:10 (wt/wt) Orn-Cit sample is shown to demonstrate that the method is able to completely resolve the peaks of Orn and Cit

The necessity of purifying commercially available Cit-
D4 was noted by Krijt et al. (2017). They used a self-packed
glass column with ion exchanger resin, which was labour-
intensive, with low yield and not suitable for gram-level
sample purification. Here, we describe a preparative liquid
chromatographymethod using a fully aqueous-compatible
C18 column and pure water as the mobile phase. Using
water as the mobile phase has advantages in downstream
sample processing. In contrast to the method of Krijt et al.
(2017), our method does not require a buffer change after
fraction collection; only freeze drying is needed. In addi-
tion, the yield of this purificationwas high: 2.9 g of purified
Cit was obtained after purification of 3.7 g of crude mate-
rial, a yield of 78%.
To quantify the amount of Orn-D4 in Cit-D4 before

and after purification, an LC-MS method was developed.
The result showed that the amount of Orn-D4 was greatly
reduced after purification, from 66 to 1 ppm (Figure 2).
The purified Cit-D4materials were aliquoted and stored

at −80◦C. After a storage period of 10 months, the content
of Orn-D4 remained at 1 ppm.

3.4 OTC assay in mouse liver and
plasma

After removal of the Orn-D4 impurity from the substrate
Cit-D4, the OTC assay was further developed and used to
measure the OTC activity in the liver and plasma samples
from the preclinical mouse model study.
Assay setup: We modified several areas of the method

used by Krijt et al. (2017): (1) The enzyme incubation time

was increased from 4 to 22 h to increase the sensitivity
of the assay. We demonstrated linearity of the incubation
time up to 24 h (not shown). (2) Following the incubation
steps, samples were cleaned up by cationic exchange solid
phase extraction (SPE) instead of derivatisation of amino
acids. (3) A HILIC column was used to analyse free amino
acids under acidic conditions instead of a reversed-phase
column for derivatised amino acids.
The methods used for preparing plasma and liver sam-

ples also differed from those of Krijt et al. (2017) in a few
respects. (1) In pilot studies, the liver samples had much
higher activity than the plasma, so theywere homogenised
and diluted in PBS with a final dilution factor of 4000
before the enzymatic incubation steps. (2) Because the liver
samples were highly diluted, only protein precipitation
steps were used for sample clean-up. No SPE procedures
were conducted. (3) The standard and QC samples were
prepared in PBS, not in diluted liver.With such a high dilu-
tion (1:4000), no matrix effect was seen, as the peak size of
the internal standard (Orn-13C5-15N2) in standard and QC
samples prepared in PBS are essentially the same as in the
diluted liver samples.
Using these modified methods, the OTC activity was

determined in the liver and plasma samples from the
LUNAR-OTC-treated spfashmice. The liver results are pre-
sented in Figure 3. The OTC activity in the liver of the PBS-
treated OTCD mice was minimal and that in the WT mice
was as high as 5.1×106 nmol/L/h. A dose-response pat-
tern was clearly shown in the four escalating dose groups.
The lowest dose at 0.3 mg/kg was higher than that in the
untreated group (8.7×105 vs. 2.9×105). In the highest dose
group (3.0 mg/kg), the OTC activity was even higher than
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F IGURE 2 Quantitation of ornithine-D4 (Orn-D4) in citrulline-D4 (Cit-D4) before (top) and after (bottom) purification. Using the
preparative liquid chromatography (LC) condition shown in Figure 1, the commercial crude Cit-D4 was purified. The impurity content of
Orn-D4 before and after purification was examined in a liquid chromatography-mass spectrometry (LC-MS) method using L-lysine as an
internal standard. After purification, the content of Orn-D4 in the Cit-D4 substrate decreased from 66 to 1 parts per million (ppm)

F IGURE 3 Ornithine transcarbamylase (OTC) activity in the
livers of lipid nanoparticle (LNP)-encapsulated OTC-mRNA
(LUNAR-OTC)-treated ornithine transcarbamylase deficiency
(OTCD) spfash mice. The OTC activity in mouse liver in the six
groups (Table 1) was measured using our adapted method. A clear
dose response was seen from the untreated OTCD group to the
highest dose group. The highest dose group, OTCD mice treated
with 3.0 mg/kg drug, had even higher OTC activity than wild-type
mice, suggesting a complete restoration of OTC activity in the liver
after spfash mice were treated with 3.0 mg/kg LUNAR-OTC

that of WT mice, suggesting a full restoration of the func-
tion of the OTC enzyme. The activity in the mouse plasma
is given in Figure 4. Similar to the pattern seen in the liver,
the OTC activity in plasma was also dose-dependent.
The correlation between OTC activity in the liver and in

plasma is presented in Figure 5. Due to the large span of
the activity value, the plot was on a double-log scale. The
positive correlation between OTC activity in the liver and
that in the plasma is very clear.

F IGURE 4 Ornithine transcarbamylase (OTC) activity in the
plasma of lipid nanoparticle (LNP)-encapsulated OTC-mRNA
(LUNAR-OTC)-treated ornithine transcarbamylase deficiency
(OTCD) spfash mice. The OTC activity in mouse plasma in the six
groups (Table 1) was measured using our adapted method. A clear
dose response was seen from the untreated OTCD group to the
highest dose group. The highest dose group, OTCD mice treated
with 3.0 mg/kg drug, had very similar OTC activity as the wild-type
mice, showing the same trend as in the liver (Figure 3)

We have thus confirmed that OTC activity in the plasma
is a surrogate assay for OTC activity in the liver. Clini-
cally, this suggests that bymeasuring the activity in human
plasma, we can probe the OTC activity in the human liver.
No liver biopsy is needed. Both the work of Krijt et al.
(2017) using patient plasmaOTC activity as a “biochemical
biopsy” and our work using a modified method to demon-
strate the correlation between liver and plasma OTC activ-
ity suggest that a plasma OTC activity assay can serve as a
pharmacodynamic endpoint for OTCD treatment.
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F IGURE 5 Correlation of ornithine transcarbamylase (OTC) activity in the liver with that in plasma. The measured OTC activity in the
mouse liver and plasma of individual animals (a total of 30 animals in six groups) are plotted. The results suggest a positive correlation of
activity in plasma with that in liver. Since the activity in liver and plasma spanned multiple orders of magnitude, the plot is on a double log
scale

F IGURE 6 Human ornithine transcarbamylase (hOTC) protein expression in the mouse liver. hOTC protein expression in mouse liver
was quantified against a calibration curve of recombinant protein using the Jess Simple Western System. Anti-human OTC antibody was
used. A clear dose response was seen from the four escalating dose groups. No hOTC protein was detected in the untreated OTC deficiency
group or the untreated wild-type group

3.5 Quantitation of hOTC protein with
Jess

In addition to the OTC activity assay, the human OTC pro-
tein expression level was also determined quantitatively
in the liver and plasma samples using the Jess instru-
ment (Simple Western). The results are shown in Figure 6.
Our results with OTC activity were paralleled by a clear
dose-response relationship in hOTC expression levels in
the mouse liver. Since the assay used a hOTC protein-
specific antibody, endogenousmouse OTC protein was not
detected, and thus, theWT group showed no hOTC expres-
sion. The correlation between the OTC activity assay and

hOTC protein assay was also very good (Figure 7). The
Pearson R2 value was 0.889.
On the other hand, the hOTC protein expression assay

did not detect OTC protein in the plasma, suggesting that
the plasma OTC activity assay was more sensitive than the
hOTC protein expression assay.

4 DISCUSSION

In previous studies5,6 using the OTCD mouse model,
OTC activity was measured in animal liver samples, and
a colorimetric method was used. In the work presented
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F IGURE 7 Correlation between liver ornithine transcarbamylase (OTC) activity and human ornithine transcarbamylase (hOTC) protein
expression. The OTC protein concentration and the OTC activity in the liver of individual animals in the four escalating dose groups are
plotted. There is a clear correlation between the two measurements

here, we show for the first time that OTC activity can be
detected not only in mouse liver but also in mouse plasma
and that the activity in the spfash mouse was significantly
lower than that of the WT mouse, a finding consistent
with the clinical results described by Krijt et al. (2017).
Our work provides a noninvasive method to monitor OTC
activity during treatment in either animal model research
or the clinical setting.
Compared with the method described by Krijt et al.

(2017), we made several improvements. With respect to
substrate purification, a preparative LCmethod, instead of
a self-packed column, was used for crude Cit-D4 purifica-
tion. Using an aqueous compatible C18 column and pure
water as the eluent enabled both complete separation of
Cit from Orn impurity and direct drying of the materials
without any buffer change, as was performed by Krijt et al.
(2017). Upon purification, the level of Orn-D4 impurity
decreased from 62 to 1 ppm, whereas in the work reported
by Krijt et al. (2017), the Orn-D4 level decreased from 1000
to less than 10 ppm. The difference in the impurity level
in the starting materials may be due to different sources
of the material (Sigma vs. Cambridge Isotope Laboratory).
Additionally, the purification yield in this work was 78%
from a few grams of Cit. Although the yield was not
disclosed by Krijt et al. (2017), a self-packed column is
not expected to achieve high purification yield or provide
gram-level purified product. Overall, the more efficient
purification enabled us to achieve higher sensitivity,
which was critical for measuring the OTC activity in the
plasma, especially in the low dose groups.
Another notable difference between the two methods is

that we did not perform amino acid derivatisation, nor did
we run the samples on a C18 column. Instead, plasma sam-
ples were cleaned with the cationic exchange SPEmethod,
and then an HILIC column was used for separation. Not

having to perform sample derivatisation helped achieve
higher sample throughput with higher precision.
Additionally, a longer enzymatic incubation time was

used to increase the sensitivity of the enzyme activity assay,
based on our finding that the incubation time linearity can
be maintained for at least 24 h.

5 CONCLUSIONS

Modifications of an assay to determine the enzymatic
activity of OTC led to improved purification of substrate,
sample clean-up and LC-MS analysis, which, in turn,
resulted in higher sensitivity and higher sample through-
put. Using this assay, we were able to determine the
OTC activity of liver and plasma samples following the
administration of an OTC-encoded mRNA formulation
to spfash mice, the animal model for OTCD. The results
showed full restoration of OTC activity in liver and plasma
as well as a strong correlation between the OTC activity
in liver and in plasma. The OTC activity assay was also
more sensitive than the quantitative western blot assay
using Jess. Overall, the results of this study suggest that
the OTC activity assay described here can be used on
plasma samples, rather than liver samples from biopsies,
as a clinical pharmacodynamic endpoint to measure the
effectiveness of OTCD treatment.
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