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Abstract (200 words)

In academic research and the pharmaceutical industry, in vitro single cell line cultures and in
vivo animal models are considered as gold standards in modelling diseases and assessing
therapeutic efficacy. However, both models have limitations, with incomplete reproduction of
pathophysiological characteristics and absence of 3-dimensional architecture with cell lines or
the use of live animals brings ethical considerations, limiting the experimental scale and
design. The use of precision-cut tissue slices can bridge the gap between these mainstream
models as this technique combines the advantages of studying all cell sub-types whilst
preserving the tissue-matrix architecture, thereby closely mimicking a mini-organ. Here, we
describe an optimised and easy-to-implement protocol for the culture of sections from mouse
livers. We show that precision-cut liver sections can be a reliable model for recapitulating the

biological phenotype of inherited metabolic diseases, exemplified by common urea cycle
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defects citrullinemia type 1 and argininosuccinic aciduria, caused by argininosuccinic synthase
(ASS1) and argininosuccinic lyase (ASL) deficiencies respectively. Therapeutic response to
gene therapy such as messenger RNA replacement delivered via lipid nanoparticles can be
monitored, demonstrating that precision-cut liver sections can be used as a preclinical

screening tool to assess therapeutic response and toxicity in monogenic liver diseases.

Keywords: Precision-cut tissue slices, vibratome, liver, inherited metabolic disease, Urea
cycle, Argininosuccinic aciduria, Argininosuccinate lyase, Citrullinemia type 1,

Argininosuccinate synthase, Lipid nanoparticle, mRNA.

Introduction

In research and development, isolated primary cells and cell line cultures are models of choice
for in vitro studies due to their easy access, cost effectiveness and limited effort required for
maintenance. However, limitations of modified physiology and loss of differentiation rapidly
observed in the absence of tissue specific microenvironment, limit these advantages [1, 2]. To
mitigate this, in vitro three-dimension induced pluripotent stem cells-derived spheres or mini-
organ [3] and whole-organ bioreactors from decellularized scaffold, which enable the
association of different cell types to recreate a tissue architecture in vitro [4], are attractive,
especially for therapeutic screening. However, these techniques can be technically
challenging and costly to maintain and reproduce, limiting their use for high-throughput
screening. Transgenic animals can recapitulate the pathophysiology of monogenic disorders
but present their own limitations i.e. high cost of maintenance and limitations of experimental
design for therapeutic screening due to ethical concerns as outlined by guidelines on animal
research [5].

In this context, the precision-cut tissue slice (PCTS) model is a cost-effective and relatively
less labour-intensive system hence a valuable compromise, which allows high-throughput
testing whilst preserving the tissue architecture [6, 7]. PCTS fills a gap between in vitro cell
studies and in vivo animal research, overcoming major disadvantages of both models. PCTS
mimics a mini-organ model, preserving the 3-dimensional aspect of neighbouring cells and
extracellular matrix. The development of improved tissue slicers, e.g. vibratome [8], has
allowed a transition from manually cut slices characterised by heterogeneous width and poor
survival rate to reproducible thinner slices with better preserved structural integrity, further
facilitated the optimisation of culture conditions such as appropriate oxygen and nutrients.
PCTS has been generated from various organs such as liver [9], intestines [10, 11], colon [10],
brain [12, 13], lung [7, 14, 15], kidney [16, 17], spleen [18, 19], heart [20, 21] and tumours [22,
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23]. They can also originate from various animal models such as mouse [9], rat [24, 25], pig
[26] and human surgical wastes [22, 27, 28]. The ease and reproducibility in preparing PCTS
facilitate high-throughput therapeutic screening and toxicology studies [10, 16, 29]. Although
PCTS require the use of animals implying ethical limitations, the organ from one animal can
generate multiple PCTS, thereby reducing drastically the number of animals in agreement with
the NC3Rs guidelines [30] and limiting interindividual variations. The PCTS system also avoids
the bias of off-target effects.

Chronic liver diseases represent a healthcare burden affecting more than 1.5 billion persons
worldwide, causing one of the top five causes of death in working adults [31], with an increase
of incidence of 13% over the last 20 years [32]. Some of these diseases require liver
transplantation, which can, for some of them, be progressively disregarded in favour of rapidly
expanding innovative gene therapy strategies [33]. Developing liver PCTS is an appealing
strategy to model a disease phenotype and test preclinical therapeutic effect and potential
toxicity in a high-throughput manner.

Here, we present an optimised method for the preparation and culture of precision-cut liver
slice (PCLS) with survival of up to 5 days. We show that PCLS recapitulate in vitro the
biological phenotype of two rare liver inherited metabolic diseases affecting the urea cycle,
citrullinemia type 1 caused by argininosuccinate synthase (ASS) deficiency and
argininosuccinic aciduria (ASA) caused by arginosuccinic lyase (ASL) deficiency. We then
show that PCLS effectively support the proof of concept of gene therapy by rescue of the ASA
phenotype by hASL mRNA encapsulated in lipid hanoparticles.

Results

Key aspects for the preparation and culture of PCLS

Protocols for PCLS preparation and culture vary significantly in the literature with a lack of
standardisation, especially for slicing equipment, medium culture, and engineering system.
Optimisation for each protocol is key and varies noticeably depending on the tissue of interest.
We set up a rapid and optimised protocol to generate PCLS for high-throughput (Figure 1A).
At harvest, perfusion of the animal was purposely omitted to ensure a rapid processing of the
organ and prevent organ damage as this was proven not to provide any additional benefit for
the PCLS model [34]. The liver was extracted in less than 30 seconds following incision and
immediately placed in ice-cold organ-protective buffer e.g. Krebs buffer [35, 36]. Although
slicing fresh liver tissue without embedding has been previously described [9], we embedded
the liver in low-melting agarose [37] (Figure 1B) combined with an organ-protective buffer
(Figure 1C) to enable optimal cutting conditions on the vibratome, reducing tissue damage

and increasing reproducibility in section thickness. Tissue thickness is critical as thin sections
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allow more cell layers to access nutrients and oxygen [38], reducing cell death. However,
sections thinner than 200 um become difficult to cut homogeneously and can show increased
oxidative stress [25]. Slices thicker than 400 um show low penetration rate of nutrients or
therapeutic particles [25, 29]. Therefore, based on PCLS appearance, effects on texture and
ease of cutting [38, 39], we opted for a PCLS thickness of 250 um, producing up to 30 sections
per liver lobe of an adult mouse (Figure 1D). The sections were incubated in a liquid-air
interface using an insert (Figure 1E) and incubated with 5% CO2 and 21% O2 at 37°C on a
shaker. Sections had to be incubated in culture medium ideally within 90 minutes to up to 3
hours following harvest after which there was rapid occurrence of cell death [29].
Supplemented media with glucose, serum and insulin has been described with potential
benefit in preserving the viability and functionality of slices [40]. Insulin could facilitate PCLS
culture by improving hepatocyte metabolism [41, 42] but we kept purposely a higher glucose
concentration in our culture medium to maintain viability, as described by others [25, 42, 43].

The optimised culture medium used was replaced every 2 days.

A TO 30 sec 15 min 30 min

FIGURE 1. Optimised protocol for cutting and culture of PCLS.

(A) Schematic summarising the protocol for generating PCLS. (B) Pre-cut liver lobe embedded
in a low-melting agarose block. (C) Agarose block containing the mouse lobe ready for cutting
onto vibratome filled with ice and ice-cold Krebs buffer. (D) PCLS following cutting and ready

for culture. (E) A PCLS inside a transwell within a 12 well plate containing culture media.
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An optimised protocol of PCLS culture shows viability over 5 days.

To determine the viability of PCLS, cell viability was assessed by 4,5-dimethylthiazol-2-yl)-5-
(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay, which requires
NAD(P)H-dependent dehydrogenases i.e. metabolically active cells, to reduce MTS. To
optimise PCLS viability, we observed that a minimal volume of culture medium was essential
to sustain viability after 24 hours of incubation. Higher volumes have been suggested to
provide more nutrients but can dilute toxic bile acid products [44]. A volume of 0.7 mL in 24
well plate showed a significant reduction of viability by TMS assay (p=0.02) compared to 1.5
mL in 12 well plate and 2.6 mL in 6 well plate (Figure 2A). In agreement with others [45], we
used 12 well plates as the best compromise for optimal survival within a smaller volume of
culture medium.

A 50% reduction of PCLS viability was observed at 24h post-incubation without continuous
gentle shaking (Figure 3B). Shaking creates a critical air-liquid interface, optimised with the
use of transwells allowing access to nutrients and oxygen to both faces of the section. Uptake
of oxygen and nutrients is also increased by the constant flow created by the shaking
movement but also passing through the transwell membrane [25, 46, 47].

With these modifications, the MTS assay was assessed after an incubation from 1 hour up to
6 days. Cell viability remained constant for 5 days, from day 0 to 4 post-incubation before
observing a significant decrease (p=0.05) at day 6 compare to day O(Figure 2C). The PCLS
morphology assessed by haematoxylin and eosin (H&E) staining showed no change of bile
ducts and architecture up to 5 days post-incubation (Figures 2D-G). Compared to day 0
(Figure 2D), PCLS showed no histological differences at day 1 (Figure 2E) and 2 (Figure 2F)
post incubation, with nuclear hyperchromasia, mild inflammatory infiltrate, vacuolisation in
favour of a moderate cell death process at day 5 post-incubation (Figure 2G). Taken together,

we showed that our optimised PCL S culture protocol enabled viability for 5 days.
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FIGURE 2. An optimised protocol of PCLS culture shows satisfactory viability for 5
days. (A) Effect of well size on cell viability (n=3). (B) Effect of shaking on cell viability (n=6
per condition). (C) MTS cell viability assay from liver sections from baseline until 6 days of
incubation (n=5 per timepoint). OD: arbitrary unit of optical density, normalised to slice fresh
weight. Graphs show mean + SD. Unpaired 2-tailed Student’s t test, ns=not significant,
*p<0.05, **p<0.01. (D-G) Representative images of histology of liver PCTS following H&E
staining (n=3). Scale bar= 100 puM.

PCLS recapitulate the disease phenotype of ASS and ASL deficiencies and show proof
of concept of mMRNA replacement therapy ex vivo.

Citrullinemia type 1 and argininosuccinic aciduria (ASA) are liver inherited metabolic diseases
caused by defective ureagenesis and impaired clearance of neurotoxic ammonia. Citrullinemia
type 1 and argininosuccinic aciduria (ASA) are caused by deficiency of the hepatic urea cycle
enzymes argininosuccinate synthetase (ASS1) and argininosuccinate lyase (ASL),
respectively (Figure 3A). Patients suffering from these urea cycle disorders develop
hyperammonaemia, which causes acute coma and death if not aggressively treated in
emergency with high dose of intravenous ammonia scavenger drugs and hemofiltration.
Despite chronic standard of care based on ammonia scavengers and protein-restricted diet,
patients present with high rates of mortality, neurological sequelae and poor quality of life [48].
The only cure is liver transplantation, which requires lifelong immunosuppression, has its own
morbidity and is limited by organ shortage. Due to high unmet needs, novel therapies with
small molecules [49] or gene therapies [50-53] are being developed. The ex vivo models rely

on iPSC-derived hepatocytes with a relative inaccuracy in modelling the disease phenotype
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partially due to sub-optimal differentiation [3]. We therefore established a PCLS model that
could provide the ex vivo characterisation of such metabolic defects by isolating and culturing
PCLS from the hypomorphic Ass™9™d mouse model of citrullinemia type 1, and the
hypomorphic AsIN¢Nee mouse recapitulating ASA. Similarly, the Ass™d mouse model is
characterised by impaired growth, abnormal fur, hyperammonaemia and high citrulline levels
reproducing the clinical phenotype of citrullinemia type 1 [54]. The AsIN¢¥Neo mice shows a
similar phenotype with increased severity and early death at 3 weeks of age [55].

We generated PCLS from Ass™4©d and wild-type (WT) littermate mice and harvested media
at 48h to investigate citrulline levels, a key biomarker in ASS deficiency. We confirmed a
significant 8-fold increase of citrulline levels in the media of Ass™ld PCLS compared to that
of WT littermates (p=0.01) reflecting the phenotype observed in both the Ass™9©d mice and
patients (Figure 3B).

Next, we wanted to determine if PCLS can be used for assessing gene therapies. mRNA
encapsulated in lipid nanoparticles is an attractive therapeutic strategy, which is rapidly being
developed for rare liver inherited metabolic diseases [51, 56] and is in phase I/ll clinical trials
for 2 inherited metabolic diseases i.e. ornithine trancarbamylase deficiency (NCT04442347),
the most common urea cycle disorder, propionic acidaemia (NCT04899310), methylmalonic
acidaemia (NCT04159103) and glycogen storage disease 1A (NCTO05095727) [57]. We
generated PCLS from AsIN¢oNeo mice that we treated ex vivo with either hASL mRNA or PBS,
compared to PCLS from WT littermates. All particles were added to the upper side of the slice
to avoid a diluting effect into the culture medium as suggested by Griffin et al [58]. We
assessed efficacy by assessing ASL expression and function by western blot and enzymatic
activity at 48h post-transfection. An 8-fold increase in ASL protein levels was observed in
hASL mRNA treated group compared to untreated PCLS, reaching supraphysiological ASL
levels (Figures 3C, D). ASL degrades argininosuccinate into arginine and fumarate. ASL
activity assessed by fumarate production was also restored in hASL mRNA versus PBS-
treated PCLS to supraphysiological levels (Figure 3E). Taken together, these results
demonstrate that PCLS culture yielded viable liver tissues replicating the biological phenotype
observed in genetically modified mouse models. The PCLS model was amenable to

successfully test therapeutic efficacy exemplified by non-viral gene therapy.
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FIGURE 3. PCLS recapitulate the disease phenotype of ASS1 and ASL deficiencies and
shows proof of concept of mMRNA therapy ex vivo.

(A) ASL and ASS1 enzymes enable ammonia detoxification in the liver-based urea cycle. (B)
Citrulline levels in media after 48h of incubation in WT and ASS1-deficient PCLS. (C) ASL
western blot at 48 hours. (D) Quantification of ASL immunoblot normalised to GAPDH. (E)
Liver ASL activity from WT, untreated ASLNe°Ne® and hASL mRNA. Graphs show mean +SD.
Unpaired 2-tailed Student’s t test, **p<0.01, **p<0.005. (B) n=2 per group; (C-E) n=3 per
group.

Discussion

We demonstrate that PCLS can be an appealing ex vivo model to assess biological phenotype
and therapeutic efficacy, whilst combining the advantage of respecting the complex liver
architecture and reducing the use of animals.

Our method exemplifies a simple PCLS culture protocol with easy set-up, which requires
minimal equipment. Our model can be replicated in a standard cell culture laboratory, which
has access to an animal facility and a vibratome. Some previously published protocols
required complex culture media and oxygen concentration higher than 80%, upregulating the
metabolism and providing longer viability [9, 34, 36, 46]. Our experience shows this is not an
absolute requirement. Moreover, the high oxygen concentration is likely to substantially modify
the pathophysiology and the phenotype by generating toxic reactive oxygen species and

subsequent antioxidant responses and signalling cascades [59]. Despite simple settings, our
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work emphasizes the importance of optimal vibratome settings, culture volumes and shaking.
Liver slicing without a 3D supporting agarose gel results in damaged slices, uneven thickness
and cell death. The use of hydrogel will have an improved benefit [60]. This optimisation
allowed a viability maintained for 5 days, an acceptable compromise compared to the PCLS
viability previously described between 48h to 10 days [38].

PCLS are essentially used to assess preclinical toxicity or pharmacokinetics [38, 61]. No
attempt to replicate a biological phenotype of liver monogenic metabolic diseases had been
reported previously. We expanded the application of this model by demonstrating that PCLS
can replicate some key characteristics of Citrullinemia type 1 and ASA. This broadens the use
of PCLS as a reliable ex-vivo model for preclinical studies assessing therapeutic screening for
liver inherited metabolic diseases. Our approach could benefit other rare or common liver
diseases, non-alcoholic fatty liver disease (NAFLD) [62], liver cancer [63] or even Fah” Rag2-
"112rg” (FRG) mice with a chimeric humanised liver [64]. Liver PCLS have been used to study
pathogenesis of hepatitis virus [65] or uptake of nanoparticles [66] but without gene therapy
application.

The main limitations associated with PCLS are the short-lived culture system which last more
than some days at best. The penetration of the therapeutic agent in the inner cell layers of the
PCLS has been questioned [38]. Although this warrants further investigation, our experience
shows that the efficacy endpoints tested in thin PCLS are satisfactory, thus enabling
supraphysiological correction.

In conclusion, we show that PCLS can be developed with limited equipment and pioneer its
use as a reliable ex vivo model for liver monogenic diseases, especially inherited metabolic
diseases such as urea cycle defects. We show proof of concept that this model can be
successfully developed for assessing therapeutic efficacy of gene therapy. We believe this
model provides ex vivo high-throughput possibilities whilst preserving the tissue complexity
and should therefore become a more recognised tool for preclinical studies in rare and

common liver diseases.

Methods and Protocols

MRNA formulation: hASL and Luciferase (Luc) encoding mRNA encapsulated in Lipid
Nanoparticles (LNPs) were provided by Moderna Therapeutics using their proprietary
technology. Codon optimized mRNA encoding hASL was synthesized in vitro by T7 RNA
polymerase-mediated transcription. The mRNA initiated with a cap, followed by a 5'
untranslated region (UTR), an open reading frame (ORF) encoding hASL, a 3' UTR and a
polyadenylated tail. Uridine was globally replaced with N1-methylpseudouridine, previously

described [67]. For in vivo intravenous delivery, LNP formulations were generated. Briefly,
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MRNA was mixed with lipids at a molar ratio of 3:1 (mRNA: lipid), previously described [68].
MRNA-loaded nanoparticles were exchanged into final storage buffer and had particle sizes
of 80 — 100 nm, >80% encapsulation of the mMRNA by RiboGreen assay, and <10 EU/mL

endotoxin levels.

Animals: The following homozygous transgenic mouse strains purchased from Jackson
Laboratory (Bar Harbor, ME) were used in this study: AsINeoNee (B6.129S7-Asltm1Brle/J) and
Ass1 ! (BBEiP-Ass1™9/GrsrJ). Livers from littermates were harvested between the ages of
day 12 and 19. Animals were maintained on standard rodent chow (Harlan 2018, Teklab Diets,
Madison, WI) with free access to water in a 12-hour light / 12 hours dark environment. WT
littermates were used as controls and housed in the same cages. Genotyping was performed
using DNA extracted from tail clips as previously described [69]. Animal procedures were
performed under the UK Home Office licences 70/8030 and PP9223137, compliant with
ARRIVE guidelines.

Collection of liver and preparation: The liver was excised as from the mouse and in
conditions as sterile as possible to minimise the risk of contamination and store in ice cold
Krebs Buffer. All further steps were performed on ice at 4°C. Each lobe was isolated from the
whole liver and all edges further trimmed to obtain a smaller more manageable lobe with
straight edges. This helped removing some of the fibrous Glisson’s capsule to further facilitate
sectioning. This was performed while keeping the liver surfaces wet into ice cold Krebs buffer
(Fig 1A). 1L of KREBS (Merck, cat. no K3753) buffer was prepared by dissolving one vial of
Krebs powder into 1L of ultrapure water and kept at 4°C before and during use. Each lobe
section was embedded into 4% low melting agarose (ThermoFisher, Cat no 16520050). The
agarose was let cool down and cut it further into more manageable cubes ready for sectioning.
The agarose cubes was kept on ice cold Krebs Buffer to preserve the tissues in cold conditions

until sectioning.

Liver slices preparation: Slicing was performed using a vibratome (Leica, VT1000 S). The
blades (Agar Scientific, cat no T569T) were placed onto the vibratome at an angle of 10 degree
downwards and below horizontal (Fig 1C). The vibratome was set for cutting at a thickness of
250 um and speed was set at 5 and frequency at 7. The cutting tray was cooled into the freezer
before use and preserved cold with ice around it (Fig 1C). The vibratome platform and blades
were disinfected with 70% ethanol followed by a rinse with a saline solution. The agarose
blocks were glued, using standard cyanoacrylate glue, directly onto the platform and the tray

filled with ice cold Krebs buffer to completely cover the agarose block ready for sectioning.
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The lobe being positioned and cut in a transversal position prevented further damage to the
tissue. A spatula was used to collect the liver slices instead of forceps or brushes to avoid

damaging the slices.

Incubation of liver slices: William’s Medium E with GlutaMAX™ (WME) slice incubation
medium was prepared by adding 2mM L-glutamine supplement (Gibco, cat no 32551-020),
10% of dialysed FBS (ThermoFisher, cat no 26400044), 100 U/mL penicillin and 100 pg/mL
streptomycin (Gibco, Cat no 15750045), 10pug/mL Gentamycin (Gibco, Cat no 15750045),
25mM D-Glucose solution (Gibco, Cat no 15384895), 15mM HEPES solution (Gibco, Cat no
15630), stored at 4°C. The slices were transferred, using a spatula to avoid damage, into a 12
well plates containing 1.5 ml of prewarmed complete WME media. The quality sections was
judged based on smooth edges and even thickness. Slices were also culture using porous
8um inserts (Strastedt, Cat no 83.3932.800). Plates with slices were transferred into a
humidified incubator set to 37°C, 5% carbon dioxide and 20% normoxic oxygen level while
continuously shaking using an orbital shaker with a speed set at 130rpm to allow optimal
mixing of nutrients and increased oxygenation. Thereafter the media was changed every 48h.
The plate needed to be protective from the shaker’s platform to prevent overheating of the

culture media.

MTS Assay: All MTS Assay were performed using livers from wild type BI6 mice. The slices
were transferred into a 48 well plate containing 400 pl of prewarmed complete WME media
and 80ul of MTS tetrazolium reagent (Abcam, Cat no ab197010) was added to generate a
formazan dye. Following incubation for 1 h at 37°C, 5% CO2 onto a shaker, 200 pul of media
was transferred into a 96 well plate and absorbance was measured at 490 nm using a multi-
well plate reader (Promega). Slices left on the bench in water and at room temperature for 24h

were used as negative controls.

Histology: Slices were fixed in 10% Formalin, neutral buffered (Merck, Cat No HT501128) for
48h and transferred into 70% Ethanol before being embedded in paraffin and cut into 4um
sections and stained with haematoxylin and eosin using standard protocol by the Pathology
lab, UCL Institute of Neurology. The slides were imaged under Zeiss Axioplan Histology scope
at UCL Great Ormond Street Institute of Child Health Imaging Facility.

Protein Assay: Slices samples were immediately transferred following collection onto dry ice
and kept at -80°C until analysis. Tissues were homogenised into 200 pl of ice-cold 1x RIPA

buffer (Cell signalling) using a bead homogenesiser (Qiagen). The samples were centrifuged
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at 10000g for 20 min at 4 °C and protein-containing supernatant transferred into a new tube.
The protein concentration was measured using a BCA assay kit (ThermoFisher) per

manufacturer’s instructions.

Western Blot: 50 ul samples containing 50 ng total protein per sample was diluted with 4x
Laemmli sample buffer (containing 10% 2-B-mercaptoethanol) at a final volume of 50ul,
vortexed and heated to 95°C for 10 min. SDS-PAGE was used to separate the proteins at
100V for 1h followed by wet transfer of proteins into an immobilin PVDF membrane at 400mA
for 1h. Blocking was performed with 5% non-fat milk in PBS-T (1xPBS with 0.1% tween-20)
for one hour at room temperature and subsequently incubated overnight at 4°C with primary
antibodies (Anti-ASL, Abcam ab97370, 1:1,000; Anti-GAPDH mouse, Abcam ab8245,
1:10,000). The membranes were then washed three times in PBS-T and incubated with
secondary antibodies (Anti-ASL, Abcam ab97370, 1:1,000; Anti-GAPDH mouse, Abcam
ab8245, 1:10,000; Anti-nitrotyrosine, Merck 05-233, 1:100; Anti-GAPDH rabbit, Abcam
ab9485, 1:1,000), 3x 5-min washes with PBS-T, 1h incubation with fluorescent secondary
antibodies (IRDye® 800CW Goat anti-Rabbit IgG 1:1,000, 926-32210 and IRDye® 680RD
Donkey anti-Mouse IgG, 923-68072, Licor) and 3x 5 min washes with PBS-T. Image
acquisition and analysis was performed using Licor Odyssey and image analysed using Licor
ImageStudio Lite software. ASL protein signal per sample was normalised against GAPDH

which was used as a loading control.

ASL enzyme activity: For liver ASL activity, 20-30mg of liver was homogenised in 400uL of
cold homogenising buffer (50mM phosphate buffer pH 7.5 and 1x Roche EDTA-free protease
inhibitor (Roche, Switzerland)) using Precellys homogeniser tube (VWR, UK) and Precellys
24 tissue homogeniser (Bertin Instruments, France), centrifuged at 10000g for 20 min at 4°C
and protein levels measured from the supernatant using BCA kit (Thermo Fisher Scientific,
UK). 60ug of protein lysate was incubated with 3.6mM ASA in final volume of 50ul, incubated
at 37°C for 1h followed by reaction termination at 80°C for 20 min. The mixture was centrifuged
at 10000g for 5min and 5uL of the supernatant was used to measure fumarate levels per

instruction from the commercial fumarate kit (Abcam, Cambridge, UK).

Nanoparticle transfection: Lipid Nanoparticles containing mRNA (LNP-hASL mRNA) all
expressing human ASL were added to the upper side of the slice. 2ug of LNP-hASL in a 10uL
volume were added to each slice. Slices and media were harvested at 48h. PCLS were
produced and cultured in parallel from livers originating from aged matched litter mate wild-

type controls.
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Citrulline analysis: 40ul media at various timepoints was mixed with 30ul of 0.1M HCI and
10ul of IS mixture (final concentration of 2nmoL). The sample was then topped up with 280uL
of Solvent A, vortexed and incubated at room temperature for 5 minutes following by
centrifugation at 16,000 rpm for 5 minutes at room temperature. The supernatant was
transferred on to glass vials for separation and detection of amino acids, performed by
hydrophilic interaction Liquid chromatography (HILIC) coupled with tandem mass
spectrometry, a method adapted from [70]. Amino acid chromatography separation was
performed in Acquity UltraPure Liquid Chromatography (UPLC)-system (Waters, Manchester,
United Kingdom) using Acquity UPLC BEH Amide column (2.1x100mm, 1.7um particle size)
including a Van Guard™ UPLC BEH Amide pre-column (2.1x5mm, 1.7um particle size)
(Waters Limited, UK). The mobile phases were (A) 10mM ammonium formiate in 85%
acetonitrile (A0627/17, Fisher Scientific) and 0.15% formic acid (A117-50, FisherScientific),
(B) 15mM ammonium formiate (Sigma-Aldrich) in MilliQ-water containing 0.15% formic acid,
pH 3.0. Initial conditions were 100% solvent A, flow rate of 0.4ml/min. At 6.1 minutes, solvent
A decreased to 94.1% and solvent B increased to 5.9%, then at 10.1 minutes, solvent A was
further decreased to 82.4% and solvent B to 17.6%. At 13.1 minutes, solvent A was further
decreased to 70.6% and solvent B increased to 29.4% with flow rate of 0.6ml/min. At 17.1
minutes, solvent A was increased back to 100% with flow rate of 0.4ml/min. At 18.6 minutes,
combination of 50% solvent A and 50% solvent B was applied at 0.4ml/min as a wash step to
remove any carryovers. The column was then re-equilibrated for an additional 10 minutes with
initial starting conditions. Detection was performed using a tandem mass spectrometer Xevo
TQ-S (Waters, UK) using multiple reaction monitoring in positive ion mode. The dwell time
was set automatically with MRM-transition for citrulline 176.15>159.05 and L-citrulline-d7 of
183.15>166.05. L-Citrulline-d7 (CDN Isotopes, Cambridge) was used as internal standard
control for ASA and their anhydrides. Cone voltage and collision energy of 25V was used for
both ASA and their anhydrides while cone voltage and collision energy of 15V and 10V
respectively was used for L-citrulline-d7. The source temperature was 150°C, desolvation
temperature 550°C, capillary voltage 1.00 kV, cone gas flow 150 L/hour and desolvation gas
flow 500 L/h. Data was acquired using Masslynx v4.2 software (Waters, UK). TargetLynx™
(Waters, UK) application manager was used for subsequent batch data processing and
reporting of results. Calibration curve of unlabelled ASA were used for quantification of 15N-
ASA.

Statistical Analyses: GraphPad Prism 9.0 software (San Diego, CA, USA) was used for

performing data analysis and generating graphs.
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