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One Sentence Summary: Screening of a mRNA-LNPs library yielded a formulation with outmost
potency and mitigated the progression of LAL deficiency in a preclinical model.

Abstract: Lysosomal acid lipase (LAL) is the only known enzyme that degrades cholesteryl esters
(CEs) and triglycerides (TGs) in the lysosomes. LAL deficiency (LAL-D) results in
hepatosplenomegaly with extensive accumulation of CEs and TGs, and can in the most severe
cases be a life-threatening condition in early infancy. Using messenger ribonucleic acid (NRNA)
for protein replacement is an innovative approach for the treatment of genetic disorders, but is
challenged by a safe and efficient mMRNA delivery. Here, we generated a combinatorial library of
lipid-based nanoparticles (LNPs) for mRNA delivery and screened it in vitro and in vivo, which
yielded a new formulation with a superior potency than an FDA-approved nanoformulation. This
formulation efficiently delivered LAL mRNA and restored LAL activity in liver and spleen,
mediating significant reversal of the pathological progression in an aggressive preclinical model
of LAL-D. In vivo, the new formulation also promoted a more sustained and quantitatively higher
LAL expression. In addition, repeated administration regimen mitigated hepatosplenomegaly, and
targeted lipidomic analysis revealed strong diminution of CEs and TGs and of toxic lipid species
in the liver and spleen. Transcriptomic analysis showed significant attenuation of inflammatory
processes, fibrosis and several pathological pathways associated to LAL-D. These findings provide
strong evidence that the intracellular production of LAL via mRNA-LNP is a very promising
approach for the chronic treatment of LAL-D and support the clinical translation of mMRNA therapy
to overcome the challenges associated with traditional enzyme replacement therapies.
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Main Text:
INTRODUCTION

Lysosomal acid lipase (LAL) deficiency (LAL-D) combines rare autosomal recessive genetic
disorders caused by the complete absence or insufficient LAL activity in patients (1). Mutations in
the lipase A (LIPA) gene lead to impaired hydrolysis of cholesteryl esters (CEs) and triglycerides
(TGs) in the lysosomes, provoking lipid accumulation in affected organs such as the liver and
spleen, which in turn result in the development of severe pathological manifestations known as
Wolman disease (WD) and CE storage disease (CESD) (2-4). WD is a devastating condition that
manifests already in infants and is characterized by hepatosplenomegaly, progressive liver failure,
cachexia, and steatorrhea. These symptoms collectively impair the patients’ ability to thrive and
result in mortality within the first 6 months of life (4-6). In contrast, residual LAL activity of 1-
12% in CESD patients results in a less severe form and a later onset, with patients reaching
adulthood but exhibiting accelerated atherosclerosis, high risk of cardiac diseases, liver fibrosis,
and cirrhosis (7, 8). The liver of LAL-D patients is characterized by marked microvesicular
steatosis in hepatocytes and Kupffer cells, elevated fibrosis deposits and cirrhosis as the disease
progresses, making the liver the primary target organ for the treatment strategy (9).

Multiple therapeutic strategies for the treatment of LAL-D have been investigated, with
approaches varying depending on the severity of the disease. However, the majority of the clinical
outcomes reported poorly favorable outcomes. Statins have been tested for late-onset LAL-D to
reduce endogenous cholesterol production and cumulative cholesterol burden, though their
efficacy and tolerability in clinical trials have been limited (10, 11). In 2015, the Food and Drug
Administration (FDA) approved a human LAL enzyme replacement therapy (ERT) (Sebelipase
alfa, Kanuma®). However, certain cases reported the development of anti-drug antibodies,
particularly in patients with early-onset disease, requiring the adjustment of the dosage regimen or
dose escalation (12, 13). In addition, liver transplantation and hematopoietic stem cell (HSC)
transplantation have been used as a treatment option, mostly with poor outcomes (14). Therefore,
the pursuit of more efficient and better-tolerated therapies represents a crucial avenue to achieve
optimal treatment of LAL-D patients and innovative gene- and cell-based therapies may be a viable
approach.

Messenger ribonucleic acid (mMRNA) therapies have emerged as a promising approach for
treating protein deficiencies. However, their development has been impeded by the challenge of
achieving effective and safe in vivo delivery systems, for which lipid-based nanoparticles (LNPs)
offer the ideal solution (15, 16). LNPs are generally generated with a four-component lipid system
building a vast chemical space to optimize the formulation and promote most favorable
biodistribution and mRNA-induced protein expression (17, 18). Here, we assessed the potential of
MRNA-LNP therapy to reverse the pathological process of LAL-D in a highly relevant preclinical
model. We first generated an in vitro LAL-deficient model to screen a combinatorial library of
MRNA-LNP formulations and select formulations with the highest ability to promote mRNA-
induced LAL restoration. In vivo evaluation yielded a formulation that demonstrated effective
mRNA delivery and protein expression in a LAL-deficient (LAL™") mouse model. Importantly,
given the chronic nature of the condition, lipidomic analysis and RNA sequencing showed that
long-term administration of the formulation could reduce the accumulation of lipids in the liver
and the spleen, and mitigates the inflammatory processes and fibrosis in the liver.
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RESULTS

Development of sSiRNA-mediated LAL knockdown model for in vitro screening of mRNA-
LNPs library

Short interfering RNA (siRNA) technology was utilized to mediate a knockdown (KD) of
LAL at the mRNA and protein level in an immortalized hepatocyte cell line (HepG2) (Figure 1A).
As the 3’UTR is specific to the endogenous LIPA mRNA and not to the exogenous mRNA
sequence encapsulated in the LNPs, two siRNA sequences targeting this region were designed and
tested. To thoroughly characterize KD efficiency, LIPA mRNA levels were assessed by reverse
transcription quantitative real-time polymerase chain reaction (RT-gPCR), LAL enzymatic activity
was measured with a modified fluorescence assay using the fluorogenic substrate 4-
methylumbelliferyl oleate (4-MUO), and protein levels were visualized by immunoblotting. Given
the transient nature of the sSiRNA-mediated KD, a kinetic evaluation was performed to evaluate its
persistence over time. KD of 92% and 93% at the mRNA levels was achieved three days post-
administration with siLIPAL and siLIPA2, respectively, compared to the control non-targeting
SiRNA (siCtl), and remained between 75% and 90% during the assessed period of fifteen days
(Figure 1B). Similarly, a drastic decrease in LAL activity between 81% and 85% persisted with
no difference between both siRNA sequences. Additionally, the absence of LAL protein expression
by immunoblotting confirmed the robust and stable protein KD induced by siLIPAL and siLIPA2
(Figure 1C). Although cell counts of HepG2 cells treated with siLIPAL and siLIPA2 showed
reduced proliferation three days post-transfection, no differences between the three conditions
were observed at subsequent time points, demonstrating that cell viability was maintained despite
potent LIPA KD (Figure 1D).

Since LAL is responsible for neutral lipid degradation in the lysosome, we investigated
intracellular lipid accumulation. Nile red staining revealed a more intense signal in sSiRNA-treated
cells than in those treated with siCtl three days post-transfection, indicative of a LAL-deficient
phenotype (Figures 1E and 1F). Although there were no statistical differences between siLIPA1
and siLIPA2 in the KD-induced lipid accumulation, siLIPA2 exhibited a stronger KD at the mMRNA
level, and thus was selected for the following experiments. Overall, the generated siRNA-mediated
LIPA KD led to a marked reduction in LIPA mRNA expression and LAL protein expression and
activity, with viable HepG2 cells suitable for in vitro screening of mMRNA-LNPs.

Next, we designed the LIPA mRNA sequence to be encapsulated into LNPs based on the
human LIPA (hLIPA) sequence (NCBI, NM001127605.3) and added a C-terminal FLAG-tag to
distinguish exogenous from endogenous LIPA in subsequent experiments (Figure 1G, Figure S1).
A rescue experiment was conducted with lipofectamine-based hLIPA mRNA-lipoplexes and the
restoration of hLIPA mRNA and LAL activity was assessed over time. A primer pair specific to
the FLAG-tag sequence allowed the evaluation of the intracellular delivery of exogenous hLIPA
MRNA in HepG2, which peaked at 8 hours post-transfection, followed by a pronounced decline
after 24 hours with a substantial amount of hLIPA mRNA remaining after 72 hours (Figure 1H).
Interestingly, recovery of LAL activity showed a different profile, with a peak at 16 hours post-
transfection, followed by a decrease with no activity measured after 72 hours (Figure 1H), which
was corroborated by immunoblotting (Figure 11) and confirmed the effective rescue of LAL in the
KD model.
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Figure 1. siRNA-mediated LAL knockdown in vitro model. (A) Scheme of siRNA-induced
LAL knockdown (KD) in HepG2 cells. siLIPA1 and siLIPA2 bind specifically to the 3’UTR region
of endogenous LIPA mRNA. (B) Kinetic evaluation of LAL KD over 15 days, with endogenous
LIPA mRNA levels on the left y-axis in fold change and relative LAL activity on the right y-axis.
Relative values are normalized on cells treated with siCtl. (C) Western blot of LAL in HepG2 cells
treated with siCtl, siLIPAL, and siLIPA2. Vinculin served as a loading control. (D) Proliferation
curve of siRNA-treated HepG2 cells. (E) Micrograph of lipid accumulation in cells treated with
siCtl, siLIPAL, and siLIPA2 three days post-transfection. Cells were stained with Nile red and 4’,6-
diamidino-2-phenylindole (DAPI) to visualize neutral lipids and nuclei, respectively.
Magnification, 20x. Scale bars, 50 um. (F) Quantification of the Nile red intensities. (G) Scheme
of the rescue experiment with the designed exogenous human LIPA (hLIPA). hLIPA was
transfected into HepG2 cells that had been treated with siLIPA2. As a control, cells treated with
siLIPA2 were transfected with lipofectamine without mRNA (Blank Lipo). (H) Kinetics of the
rescue experiment over three days with the exogenous mRNA levels on the left y-axis in log fold
change and with relative LAL activity levels on the right y-axis. Relative values are normalized to
cells treated with siLIPA2+Blank Lipo. (I) Western blot of LAL with vinculin as a loading control.
(B, D, F) One-way ANOVA with Tukey’s post hoc test for each time points. (H) Unpaired two-
tailed Student’s t-test for each time point. *P < 0.05, **P < 0.01, ***P < 0.001. Graphs show mean
+ SEM of N=3 independent experiments. CDS, CoDing Sequence, ns, non-significant; RFU,
relative fluorescence units.

Identification of hit formulations by in vitro screening of mMRNA-LNPs library

LNPs are composed of four lipid components, namely the ionizable lipid, the helper lipid
(phospholipid), cholesterol and poly(ethylene glycol) (PEG) (18, 19). To build the library, we
selected distinct lipids with established mMRNA delivery potency (Figure 2A). DIin-MC3-DMA is
the ionizable lipid of the siRNA-based approved drug Onpattro® and has been extensively used
for siRNA, mRNA, and plasmid DNA delivery (17). The ionizable lipid 5A2-SC8 has been
described for efficient delivery of sSIRNA and mRNA in preclinical models (20-22). While MC3 is
commercially available, 5A2-SC8 was synthesized and characterized as a dendrimer-based
ionizable lipid after purification (Figure S2-S4). Phospholipids have been selected based on their
variation in the headgroup composition and degree of aliphatic chain saturation, since these
features have been proven to impact the efficacy of nucleic acid delivery of the formulations (23,
24). We included 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) and 1,2-dioleoyl-sn-
glycero-3-phosphocholine (DOPC) as phospholipids with unsaturated aliphatic chain and distinct
headgroups. 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) present in Onpattro®, 1,2-
dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1,2-dimyristoyl-sn-glycero-3-phosphocholine
(DMPC) and hydrogenated soy L-a-phosphatidylcholine (HSPC) are all choline-based
phospholipids with various alkyl chain length. By combining different lipids and varying their
molar ratio (Figure 2B), a library including 53 mRNA-LNPs was constructed (Table S1).

Reproducible and standardized production of mMRNA-LNPs was achieved by a customized
microfluidic system (Figure 2C), enabling precise monitoring of the pressure and flow rate in a
linear correlation (Table S2, Figure S5). To optimize the mixing output, the flow rate was
gradually increased to produce particles with a hydrodynamic diameter of 100 £ 10 nm and a
polydispersity index (PDI) of < 0.2, demonstrating the homogeneity of the particle population and
high encapsulation efficiency (Figure S6). Previous middle and high throughput screenings of
LNP libraries typically did not include physicochemical properties of LNPs, but rather conducted
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directly the screening process with little knowledge of the individual size and encapsulation levels
of the LNPs. Therefore, we sought to characterize the physicochemical properties of the LNP
library by size, encapsulation efficiency, and charge to identify potential differences associated
with the choice of lipids (Figures 2D, 2E, 2F). No significant trend in the physicochemical
properties was observed, which may be attributed to the highly standardized mixing procedure.
Based on the appropriate size (< 100 nm) and optimal encapsulation efficiency (>85%), we selected
a set of 14 formulations for in vitro screening. Prior to this, a dose-response study performed with
the standard formulation FO1 (based on Onpattro®) defined the optimal dosage for the screening
process (Figure S7). At a dose of >1.0 pug of hLIPA mRNA, mRNA-induced LAL expression and
activity was decreased, suggesting that maximal delivery was attained, as evidenced by
immunoblots. Since a strong restoration of LAL activity was already achieved at a dosage of 0.5
pug hLIPA mRNA, this dose was chosen for subsequent in vitro screening experiments. Kinetic
evaluation of intracellular delivery of hLIPA mRNA showed an increase, reaching a plateau 24
hours post-transfection, while the mRNA amount in the medium inversely decreased (Figure S8).
Consequently, we performed the in vitro screening with 0.5 pg and harvested the cells 24 hours
post-transfection.

The in vitro screening of the selected 14 formulations revealed that the LNP composition
in ionizable lipids and phospholipids considerably impacted the potency of the LNPs in restoring
LAL activity (Figure 2G). Notably, a dramatic decrease of the enzymatic activity was observed in
the 5A2-SC8-based formulations comprising DMPC (F45) and HSPC (F50, F53), compared to
DSPC (F27). Similarly, DLin-MC3-DMA-based LNPs tend to profit from the phospholipid DSPC
at a molar ratio of 10. From this screening, a formulation (F23) containing the helper lipid DPPC
displayed significant superiority compared to the standard Onpattro® formulation (displayed as
FO1). In contrast, DPPC had a negative effect when associated with the ionizable lipid 5A2-SC8
(F41), demonstrating that an ideal phospholipid combination depends on the ionizable lipid and its
molar ratio. In general, LNPs containing the ionizable lipid DLin-MC3-DMA demonstrated
superior performance, with five formulations being able to restore 50% of the basal activity (FO1,
F12, F20, F23, and F46) compared to two formulations containing 5A2-SC8 (F27 and F30).

Next, we evaluated the kinetics of MRNA delivery by qPCR and the extent of mRNA-
induced recovery of LAL activity after a single transfection with the control FO1 and five
formulations displaying high, middle, and low levels of LAL restoration. mRNA delivery was
comparable between the formulations (Figure 2H), but F23 demonstrated a superior and more
sustained mRNA-induced LAL activity (Figure 21). Formulations containing 5A2-SC8 as an
ionizable lipid were comparable to MC3-based LNPs, but showed a delayed peak in protein
expression. Most strikingly, F50, which failed to induce substantial protein expression 24 hours
post-transfection, showed a pronounced LAL restoration with a peak at 32 hours and a more
sustained expression profile over time, resulting in an increased and higher area under the curve
(AUC) than F30 and F46, but not F27 (Table S3). Any observed differences were not biased by
potential cytotoxicity of the formulations, as cell viability was unaltered by all tested LNPs at 0.5
ug mRNA (< 100 pug/mL lipids) (Figure S9). Based on the in vitro screening results, four
formulations (FO1, F23, F27, and F50) with the highest recovery of LAL activity and AUC in the
KD model were selected for in vivo evaluation.
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Figure 2: In vitro screening of a library of mMRNA-LNP formulations. (A) Chemical structures
and (B) molar percentages of lipids used in the mMRNA-LNPs library. (C) Representation of the
microfluidic mixing device setup for the standardized generation of MRNA-LNP formulations. (D)
Physicochemical characterization of the selected formulations based on the hydrodynamic size
(box plots; left y-axis) and polydispersity index (dots; right y-axis), (E) encapsulation efficiency,
and (F) surface charge. Each point represents the mean of 3 independent measurements for one
formulation. (G) Screening of selected MRNA-LNP formulations in siLIPA2 KD cells with siCtl
representing the basal activity and the dotted line 50% of the basal activity. For each formulation,
the mean + SEM of 3 independent experiments is shown. (H) Kinetic evaluation of hLIPA mRNA
delivery to HepG2 cells and (I) mRNA-induced restoration of LAL activity. Graphs show the mean
+ SEM of 3 independent experiments. (D - F) Boxplots representing the median, the upper and
lower quartile, and minimum and maximum whiskers in each group. (G) One-way ANOVA with
Tukey’s post hoc test analysis on all formulations. (H) and (I) Unpaired two-tailed Student’s t-test
between FO1 and F23. *P < 0.05, **P < 0.01, ***P < 0.001.

In vivo evaluation in healthy mice identified a novel formulation with favorable
biodistribution and high mRNA-induced LAL activity

Having selected the most promising formulations in vitro, we next assessed their
biodistribution, pharmacokinetics, hLIPA mRNA delivery, and LAL protein expression in healthy
mice. The biodistribution study of fluorescently labeled LNPs showed favorable accumulation in
the liver and, to a lesser extent, in the spleen for all formulations, since these organs are the primary
filtration sites of LNPs (Figure 3A, 3B) (25). Although previous studies have shown the
distribution of 5A2-SC8 in splenic tissues (21), we observed that LNPs with the ionizable lipid
5A2-SC8 exhibited a more pronounced accumulation in the spleen than MC3-based LNPs. RT-
gPCR analysis of FLAG-tagged hLIPA mRNA revealed a pronounced accumulation in the liver
and spleen, with higher levels being delivered by F27 and F50 in the latter and almost no exogenous
hLIPA mRNA delivered to the lungs, corroborating the biodistribution profile obtained with
fluorescently labeled LNPs (Figure S10). The pharmacokinetic analysis of the formulations
showed comparable profiles and pharmacokinetic parameters, with F23 having the largest AUC
compared to all other formulations (Figure S11).

We then examined the ability of the formulations to deliver hLIPA mRNA to the liver and
the spleen and to promote LAL activity following a single-dose administration (Figure 3C).
Because commonly used fluorescence or radiolabeling methods do not allow quantitative
assessment of mRNA in an organ, we quantified the amount of encapsulated hLIPA mRNA
delivered to the tissues at the different time points by RT-gPCR (Figure S12), as recently described
(26-28). Two hours post-administration, 14 + 2.3% of the total mMRNA administered in FO1 was
found in the liver, with a gradual decrease to < 0.003 + 0.0001% at 72 hours (Figure 3D). Similar
to the in vitro experiments, all formulations had comparable capacity to deliver hLIPA mRNA to
the liver. In contrast, the hLIPA mRNA-induced LAL activity by F23, demonstrated again superior
activity in liver tissue compared to all other formulations at all time points (Figures 3E). In the
spleen, the remaining fraction of the dose at 2-hours post-administration was ~ 10- to 20-fold
lower, indicating that the majority of the administered mRNA is filtered in the hepatic tissues
(Figure 3F). hLIPA mRNA-induced LAL activity in the spleen was higher for the formulations
F27 and F50 compared to FO1 at 8- and 24-hours post-administration, however, the AUC was not
significantly altered (Figure 3G, Table S4). Overall, F23 yielded the highest LAL activity in the
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liver with a 2.4-fold increase in the hepatic AUC compared to all formulations, along with
comparable AUC in the spleen, which established F23 as the best lead in the library.

Next, we pursued to understand the underlying mechanism of F23 superiority, focusing on
the endosomal escape, which is thought to drive the efficacy of LNPs to promote mRNA-induced
protein expression (29). To this end, we established a cell-based fluorescent model previously
described, expressing galectin-8 fused with a green fluorescent protein (Gal8-GFP) to monitor the
endosomal escape of LNPs (Figure 3H) (30). Live confocal imaging enabled the visualization of
the Gal8-GFP signal, indicative of successful endosomal escape, Cy5-labeled mMRNA to track the
intracellular delivery, and Hoechst to visualize cell nuclei (Figure 31). By tracking only the Cy5
channel, we validated similar internalization profiles between F23 and FO1, and any differences in
the Gal8-GFP signal can be attributed solely to endosomal escape of the LNPs and not to the
variation in delivery (Figure 3J). Up to 8 hours post-transfection, endosomal escape was
comparable between both formulations. After that, the Gal8-GFP profiles diverged, with a stronger
signal present in the cells treated with F23 compared to FO1, suggesting a higher capability of F23
to escape the endosome and more efficiently deliver mRNA into the cytoplasm.

Hepatocytes, resident liver macrophages (Kupffer cells), and other liver cell subtypes are
largely involved in the development of hepatic steatosis, lipid metabolism, and inflammation and
thus play a pivotal role in the pathogenesis of LAL-D (3, 31). Using Cy5-labeled hLIPA mRNA
and flow cytometry, we determined the percentage of transfection of F23 in various liver cells
(Figure 3K and S13). Endothelial cells exhibited the highest transfection efficiency (85%),
followed by hepatocytes (76%) and Kupffer cells (44%), indicating that F23 was able to transfect
the hepatic cell types crucial for a successful treatment of LAL-D.
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Figure 3. In vivo evaluation of selected mMRNA-LNPs. (A) Biodistribution analysis of selected
DIIC18(5); 1,1'-dioctadecyl-3,3,3",3'- tetramethylindodicarbocyanine, 4-chlorobenzenesulfonate
(DiD)-labeled LNPs in CD-1 mice following intravenous administration (0.5 ug hLIPA mRNA /g
body weight). (B) Fluorescence values relative to total fluorescence. (C) Schematic representation
of the kinetic study. (D) Exogenous hLIPA mRNA levels delivered and (E) mMRNA-induced LAL
activity in the liver and (F, G) spleen. Relative fluorescence values are normalized to levels in
PBS-treated mice. (H) Schematic representation of the Gal8-GFP in vitro model to monitor
endosomal escape in HepG2 cells. LNPs enter the cell via endocytosis and traffic through the
cytoplasm within the endosome. Endosomal escape describes the fusion of the LNP and disruption
of the endosomal membrane to release its cargo, triggering recruitment of galectin-8 fused with
GFP (Gal8-GFP), thereby producing clear green punctae in the cytoplasm. (I) Confocal images of
the Gal8-GFP reporter cells 8 hours post-FO1 and -F23 transfection in maximum intensity
projections with nuclei stained with Hoechst (blue) and mMRNA labeled with Cy5 (red). Scale bars,
10 um. (J) Live confocal image acquisition over 16 hours with Cy5, Hoechst, and GFP signals
being recorded every 60 minutes at 5 different fields. (K) Flow cytometry analysis of Cy5-mRNA
positive hepatic cell populations transfected with F23. Data are expressed as mean = SD (n = 3).
(B) One-way ANOVA with Tukey’s post hoc test analysis for each organ. (D), (E), (F), and (G)
One-way ANOVA with Tukey’s post hoc test analysis for each time points separately. *P < 0.05,
**P < 0.01, and ****P < 0.0001. (D), (E), (F), and (G) Graphs show mean + SEM of n=3 mice.
ns, non-significant; RFU, Relative Fluorescence Units.

F23 formulation promotes superior mRNA-induced LAL restoration in LAL™" mice and
mitigates hepatosplenomegaly

Having selected F23 as the best-performing formulation, we next evaluated its capacity to
deliver hLIPA mRNA and to restore LAL activity in in LAL knockout (LAL ") mice, a preclinical
model of LAL-D. In general, LAL™" mice display biochemical and histopathological features of
WD but resemble the CESD phenotype with a median life span of one year (32). LAL-D manifests
already during fetal development with massive neutral lipid accumulation in the liver and spleen.
These animals exhibit reduced body weight and yellowish liver 2 days after birth, demonstrating
the early and rapid progression of the disease (33). We generated LAL ™~ mice on a C57BL/6J
background and used them at early age, ranging from 5 to 9 weeks, in which safe and repeated
injections of the LNPs were feasible. We first performed a kinetic evaluation after a single LNP
injection to assess hLIPA-mRNA delivery and restoration of mRNA-induced LAL activity using
two dosages (0.5 and 1.0 ug/g BW) (Figure 4A). As observed in CD-1 mice, comparable levels of
delivered hLIPA mRNA to the liver were obtained with FO1 and F23 (Figure 4B). A comparison
of MRNA levels at the same time points revealed no significant differences in wild-type (WT) and
LAL™" mice, indicating that the pathological status did not affect the delivery efficacy of the
formulations (Figure S14). Enzymatic activity in LAL™ mice treated with LNP blank was close
to 0, reflecting the severe condition of WD patients (Figure 4C). At the lower dosage of 0.5 pg/g
BW, both formulations showed a slight recovery of < 10% of WT activity in the liver at 48 hours.
Using 1.0 pg/g BW, both formulations achieved a more potent recovery, with F23 showing higher
activity and AUC than FO1 at 24- and 48-hours (Table S5). While no significant difference in the
MRNA delivery to the spleen was observed (Figure 4D), the recovery of the LAL activity in the
spleen was surpassing that in the liver, reaching almost 20% of WT levels 48 hours post-
administration for the F23 formulation (Figure 4E). Overall, F23 exhibited a 1.6-fold higher total
AUC (Table S5) compared to FO1, and thus was selected as the formulation for the efficacy study.
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For the long-term efficacy study, mice were intravenously injected at 5-day intervals for 8
weeks with either empty F23 LNPs (LAL"+Blank and WT+Blank) or with F23 containing hLIPA
mRNA (LAL7+F23) (Figure 4F). Body weights were monitored before each injection. One
LAL+Blank female mouse died during the study. At sacrifice, a dramatic increase in organ size
and discoloration due to large fat deposition was visible in the LAL™" group treated with blank
LNPs compared to the WT group, which is in line with a LAL-D phenotype (Figure 4G). In
contrast, treatment with F23 resulted in a liver size reduction and pronounced recoloration towards
WT mice, demonstrating an amelioration of the phenotype. Body weights in LNP-blank-injected
LAL™" mice was significantly lower than age- and sex-matched WT controls, which was not
corrected by F23 treatment. (Figure 4H and 41), a trend also observed with long-term ERT (34).
LAL " +Blank showed marked hepatosplenomegaly with an average of 2.8-fold increase in liver
and 2.3-fold in spleen weight compared to the WT+Blank-treated mice. F23 treatment markedly
reduced these increases by 25-35% and 30-47% for the liver and spleen, respectively (Figure 4J
and 4K). It is worth mentioning that fortuitous initiation of the F23-treatment of a single male
mouse (ID 0629) at 9 weeks of age failed to show improvement, indicating that early initiation of
MRNA-based treatment is of paramount importance for positive outcome. Interestingly, a sex-
based analysis between the groups revealed that F23 treatment of female LAL™ mice led to an
almost complete normalization of the spleen and a more pronounced decrease in liver weights than
in males (Figure S15).
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Figure 4. F23 formulation restores mRNA-induced LAL activity and mitigates
hepatosplenomegaly in LAL™~ mice. (A) Schematic illustration of the kinetic study in LAL™~
mice. (B) Exogenous hLIPA mRNA levels delivered by FO1 and F23 at 0.5 pg/g and 1.0 pg/g. (C)
mRNA-induced LAL recovery in the liver and (D, E) spleen of LAL™ mice, respectively. (F)
Schematic illustration of the efficacy study in LAL™ mice injected with F23 at 1.0 ug/g at a 5-day
interval for 8 weeks. (G) Representative images of mice, liver (upper panel), and spleen (lower
panel) from LAL 7 +Blank, LAL7+F23, and WT+Blank at the end of the study. (H) Body weight
of males and (1) females (n=5 per group). (J) Liver and (K) spleen weights normalized to total
body weight. Red triangles depict the male mouse (0629) with a later initiation of treatment. (B-
E) One-way ANOVA with Tukey’s post hoc test analysis for each time points separately. (J) and
(K) One-way ANOVA with Tukey’s post hoc test analysis *P < 0.05, **P < 0.01, ***P < 0.005.
Graphs show mean = SEM.
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F23 formulation reduces accumulation of neutral lipids in LAL™~ mice

Tissue morphology and neutral lipid accumulation in the liver and spleen were visualized by
hematoxylin and eosin (H&E) and Oil Red O (ORO) staining, respectively. Numerous lipid-laden
cells characterized by a pale color and macro- and microvesicular steatosis were visible in
untreated LAL™" mice, which were strongly reduced in F23-treated mice (Figure 5A and 5B).
Similarly, the intense ORO staining in untreated LAL™" mice illustrated the massive lipid
accumulation, which was markedly reduced in F23-treated mice. Some cell clusters remained
positive for neutral lipids despite treatment, indicating that F23 was unable to transfect all cells
throughout the liver parenchyma and splenic tissue at the tested dosage. Quantification of the ORO
signal intensity revealed a more prominent reduction of lipids in the spleen compared to the liver
following F23 administration (Figure 5C and 5D).

To determine which lipid species accumulated in LAL™ mice and were modulated by F23
treatment, we performed a targeted lipidomic analysis on liver and spleen tissues. After lipid
extraction from the tissues, three fractions were isolated: one containing CEs, one containing TGs,
and the last fraction containing phospholipids (PLs) and free fatty acids (FFAs) (Figure 5E). In
total, 29 fatty acid methyl esters (FAMES) in each fraction were quantified (Table S6 and S7).
Principal component analysis (PCA) revealed distinct clusters in liver and spleen according to the
condition, with a pronounced shift of the F23-treated LAL "~ mice toward the WT+Blank group,
indicative of a significant improvement (Figure 5F). In line, F23 treatment mitigated liver CEs
and TGs by 30% and 25%, respectively (Figure S16A). Similar to ORO staining, we detected less
lipid accumulation in the spleen compared to the liver, and treatment with F23 resulted in an even
greater decrease of 55% and 43% of CEs and TGs, respectively (Figure S16B).

A Volcano plot analysis showed FAMEs that were modulated by F23 treatment with fold
changes of > 1.5 or < -1.5 and p-values cutoff of < 0.05 identifying six CE species and three TG
species with the highest accumulation in the liver and strongest reduction by F23 treatment (Figure
5G). Interestingly, PLs and FFAs did not exhibit a noticeable increase despite the long-term
injections of LNPs, indicating that the PLs contained in the LNP formulations did not affect the
overall lipid load and were safely mobilized and metabolized by the cells. The most enriched CE
species in the liver included oleic acid (C18:1n9), linoleic acid (C18:2n6), palmitic acid (C16:0),
stearic acid (C18:0), palmitoleic acid (C16:1n7), and a-linolenic acid (C18:3n3), which were all
significantly diminished by F23 treatment (Figure 5H). The most abundant TG species C18:1n9,
C18:2n6, and C16:0 were also significantly reduced by F23. Comparison of the spleen and liver
volcano plot analyses revealed that the average of log> fold change value in the spleen was higher
for both CEs and TGs, showing again the stronger effect of F23 in the splenic tissue with seven
CE species and six TG species which were strongly reduced in the spleen following F23 treatment
(Figure 51). Akin to the liver, C18:1n9, C16:0, and C18:2n6 were the lipid species with the highest
accumulation in the spleen and were all significantly reduced by F23 administration (Figure 5J).
Levels of unsaturated n-6 FAs and n-3 FAs that are involved in the development of steatosis and
hepatotoxicity (35-37) were significantly increased in untreated LAL™~ compared to WT mice,
and reduced after treatment (Figure S17). Furthermore, we found a 37% reduction in the
proinflammatory FA arachidonic acid (AA) (Figure S18). In summary, treatment of LAL™ mice
with F23 decreased the accumulation of unsaturated and saturated lipotoxic lipid species, which
might positively affect the pathophysiology of LAL-D.
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Figure 5. F23 formulation reduces neutral lipid accumulation in LAL™~ mice. (A)
Hematoxylin/eosin (H&E) and Oil Red O (ORO) staining of histological cross sections of liver
and (B) spleen. Scale bars: 100 pm (H&E staining); 50 pum (ORO staining). Quantification of ORO
pixel intensities in cross sections of (C) liver and (D) spleen. (E) Schematic overview of the
lipidomic analysis in the cholesteryl ester (CE), triglyceride (TG), and phospholipid (PL)/free fatty
acid (FFA) fractions. (F) Principal component analysis (PCA) of lipidomic data of WT+Blank,
LAL7+F23, and LAL~ +Blank mice separated by sex (males in circle, females in square) with
the percentage of variance for PC1 and PC2. (G) Volcano plots showing differential lipid levels of
LAL7+F23 versus LAL™" +Blank in the liver and (H) Average concentrations of significantly
altered CEs and TGs species, and (I, J) in the spleen. Plots show the fold change in log> (x-axis)
and the associated -logio of the P values (y-axis) with dotted lines defining the threshold as >1.5
or <-1.5 with a cutoff <0.05. Colored dots correspond to the isolated CE (blue), TG (orange), and
PL+FFA (black) fractions. Red triangles depict the male mouse (0629) with a later initiation of
treatment. (C, D) One-way ANOV A with Tukey’s post hoc test analysis. (H) and (J) unpaired two-
tailed Student’s t-test between LAL ™ +blank and LAL+F23 groups. *P < 0.05, **P < 0.01, ***P
< 0.001, and ****P < 0.0001. Graphs show mean + SEM (n>9).

F23 formulation corrects liver functions and mitigates critical pathological processes in the
liver of LAL™" mice

To further investigate the extent of the correction of liver metabolic functions and
pathological processes, we performed RNA-sequencing (RNA-seq) on hepatic tissues. PCA
analysis of the RNA-seq data showed a clear distinction in the transcriptomic profiles between the
groups, with a significant shift of F23-treated LAL ™~ mice toward the WT group (Figure 6A). Of
note, the score plot segregated mouse (0629) with later-onset treatment within the untreated cluster.
While no distinct cluster was observed in untreated LAL™~ mice according to sex, a clear
separation between males and females in WT and in F23-treated LAL™~ mice was noticed. The
high number of up-regulated (3475) and down-regulated (1664) genes (fold change >2.0 or <-2.0,
false discovery rate (FDR) <0.01) between the LAL™"+Blank and WT+Blank groups (Figure 6B)
indicated severe transcriptional alterations underlying the histopathological phenotype. In contrast,
only 1555 up-regulated genes (55% reduction versus Blank) and 107 down-regulated genes (94%
reduction versus Blank) were differentially expressed between LAL+F23 and WT+Blank
(Figure 6C), demonstrating the pronounced effect of F23 on the transcriptomic profile of LAL ™~
mice.

Next, we performed gene functional analyses of the identified differentially expressed
genes to better characterize the transcriptome signature associated with untreated LAL ™ livers.
Using g:Profiler, we found a strong enrichment of pathways associated with immune response,
inflammation, remodeling of the extracellular matrix and fibrosis-related pathways, and sterol
synthesis (Figure 6D, Figure S19), which are all hallmarks of LAL-D in patients and mice (38,
39). Interestingly, the main altered pathways that emerged from the analysis were not primarily
related to CE or TG metabolism, but rather to the immune system and inflammation, highlighting
the important role of LAL in various pathological metabolic pathways. Gene Set Enrichment
Analysis (GSEA) (Figure S20) (40) of down-regulated gene sets (enriched in WT+Blank)
identified bile and fatty acid metabolism, fatty acid R-oxidation, and oxidative phosphorylation,
which were all partially restored by F23 treatment (Figure 6E). Enrichment analysis of up-
regulated gene sets (enriched in LAL~"+Blank) included immune system, inflammatory response,
collagen formation and fibrosis, cholesterol homeostasis, and AA metabolism (Figure 6F). F23
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treatment of LAL ™" mice led to a reduction in these gene sets, notably in the fibrosis pathway, for
which the enrichment yielded the highest score. Sirius red staining confirmed reduced pericellular
and periportal fibrosis (Metavir F2-equivalent), which was limited to the perivenular area with
mild deposition surrounding the clusters (Metavir F1-equivalent) in liver sections of LAL™" mice
following F23 treatment (Figure 6G). Pale red staining, indicative of hepatocyte collapse/necrosis,
was more prominent in the LAL " +Blank than in the F23-treated LAL ™" mice. Quantification of
positive SR area revealed a significant reduction of fibrosis in F23-treated mice without complete
resolution to WT levels (Figure 6H). H&E images revealed clusters of ballooning and necrotizing
lipid-laden hepatocytes associated with a mononuclear inflammation (Figure S21), which
significantly decreased following F23 treatment. Despite not being restored to the WT condition,
transaminase levels depicted a significant and strong reduction by F23 treatment, confirming the
mitigation of both hepatocyte injury and inflammation (Figure 61).

Altogether, these results demonstrate that recovery of LAL through mMRNA-LNP, in addition
to reducing steatosis, can restore crucial hepatic metabolic functions and attenuate many
pathological processes, including liver injury, fibrosis, and immune responses triggered by the
drastic accumulation of lipids.
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Figure 6. F23 formulation corrects metabolic pathways and mitigates fibrosis and
inflammation-related processes in the liver of LAL™ mice. (A) Principal component analysis
(PCA) plot of male (circles) and female (squares) WT+Blank, LAL+F23, and LAL " +Blank,
with the percentage of variance for PC1 and PC2. (B) Volcano plots showing up-regulated (red)
and down-regulated genes (blue) hepatic gene expression of LAL”+Blank versus WT+Blank, and
(C) LAL7+F23 versus WT+Blank mice. Dotted lines define the threshold as >2.0 or < -2 for the
average expression fold change in log. (x-axis) and the associated -logio of the adjusted P values
(y-axis) with a cutoff <0.01. (D) Functional analysis of significantly altered genes in LAL ™ +Blank
versus WT+Blank groups. (E) Heatmap representations of transcript enriched in the WT+Blank
group and (F) enriched in the LAL " +Blank group with fold change (Logz) in LAL™+Blank and
LAL—/— +F23 versus WT+Blank, respectively. Transcripts are ranked according to fold change
from (E) lowest (blue) to highest (white) and from (F) highest (red) to lowest (white). (G)
Representative images of Sirius red staining of histologic sections of of LAL™" +Blank,
LAL7+F23, and WT+Blank livers (scale bar, 100 pm) and (H) quantification. (1) Plasma
aminotransferase concentrations. Red triangles depict the male mouse (0629) with later initiation
of the treatment. Graphs show mean £ SEM (n>9). One-way ANOVA with Tukey’s post hoc test.
*P <0.05, ***P < 0.001, and ****P < 0.0001.

Page 19 of 29


https://doi.org/10.1101/2024.12.07.627318
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.12.07.627318; this version posted December 8, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

DISCUSSION

LAL-D exhibits a broad range of clinical manifestations that, in its severe form (WD), leads
to death in early infancy (41). Over the past decades, several approaches have been clinically tested
for the treatment of LAL-D, including reduction of the systemic cholesterol burden with statins
and transplantation of liver or HSCs, and the most recent, ERT (5, 39). These therapeutic
approaches lead in most cases to an ameliorated liver histology and decreased hepatic lipid
deposition, yet display unfavorable outcomes in some cases (39, 42, 43). In arecent study, a hLIPA-
expressing adeno-associated virus (AAV) treatment was able to restore LAL activity in LAL™"
mice. However, gene expression gradually decreased over time, thus requiring re-administration
that remains a challenge in AAV-based approaches (44).

Here, we described the development of an mRNA-based therapeutic approach to mediate
intracellular production and restoration of LAL activity. Since LAL-D is a chronic condition with
continuous and substantial accumulation of substrates within lysosomes, safe and efficient delivery
of hLIPA mRNA to the target organ is of paramount importance to achieve sufficient enzymatic
LAL activity and mitigate the pathological progression. In vitro and in vivo screening of our
MRNA-LNP library identified F23 as novel formulation with superior recovery of LAL activity
than the FDA-approved control formulation (FO1), highlighting the importance of LNP
optimization. While numerous studies focused on the modification of the ionizable lipids in LNPs,
our screening data showed that largely underexplored alterations of the molar ratio and PL
composition (15, 24, 45) significantly impact potency of the formulation to induce LAL activity,
but not the efficacy of mMRNA delivery to the cells. Furthermore, the discrepancy found between
mRNA delivery and mRNA-induced LAL activity suggests a lack of direct correlation between
these two processes, underlining endosomal escape as the key element that defines efficient protein
expression, as indicated by the Gal8-GFP experiments. Previous studies using recombinant human
LAL produced in different expression systems emphasize crucial involvement of mannose-
phosphate receptors in lysosomal protein internalization (34, 46, 47). A sufficient expression of
the receptors at the cell surface is thus indispensable for efficient enzyme internalization, which
may limit the efficacy of ERT approaches. In contrast, F23 is able to transfect the main hepatic
cell types independently of the mannose-phosphate receptor expression on the cell surface, but
mainly through endocytotic internalization of entire mRNA-LNP particles (48, 49). This illustrates
an additional advantage of mMRNA-LNPs that may expand its therapeutic potential beyond the
limitations of ERT.

Long-term administration of F23 significantly reduced hepatosplenomegaly in LAL™" mice,
but similar to previous ERT-based studies (34), failed to induce improvement in body weight gain.
These data suggest that the overall body weight is likely associated with extra-hepatic
consequences of LAL-D pathology and a systemic dysregulation of energy homeostasis (50) that
requires further studies. Comparable to ERT (34), a more pronounced weight reduction was
observed for the spleen, despite a 12-fold lower mMRNA delivery compared to the liver. Considering
that impaired lysosomal lipid catabolism in LAL-D leads to a massive substrate deposition mostly
in the liver, unfolded protein response and endoplasmic reticulum stress described in other fatty
liver diseases and/or inefficient lysosomal acidification may prevent more favorable hepatic
outcomes compared to the less affected spleen (51-53). Splenocytes may process mMRNA more
effectively to produce LAL, ultimately recovering faster from the pathological progression of
LAL-D. Timely intervention is critical for therapeutic efficacy due to the early onset and rapid
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progression of the disease (33), as also evidenced by the lack of effect in the current study in the
single LAL™~ mouse with late treatment initiation.

Whereas previous studies of ERT and AAV gene-based treatments in LAL™~ mice generally
described the overall reduction of total cholesterol and TG burden (34, 44, 54), we presented for
the first time lipidome analysis of liver and spleen from LAL ™ mice and their changes induced by
MRNA-LNP intervention. We observed the greatest hepatic lipid accumulation in the CE fraction
of LAL™" livers with a drastic 150-fold increase, whereas TGs were elevated only 2-fold. These
changes are in accordance with TG and total cholesterol concentrations in the liver of 4-week-old
LAL™" mice (33) as well as adult fed and fasted LAL ™~ mice (55), emphasizing the crucial role of
LAL particularly in CE metabolism. CEs and TGs were largely enriched with saturated (C18:0,
C16:0) and unsaturated (C18:2n6, C18:1n9, C16:1n7) FAs, all of which have been previously
associated with pro-apoptotic properties and involvement in the pathogenesis of metabolic
dysfunction-associated steatotic liver disease (MASLD) and metabolic dysfunction-associated
steatohepatitis (MASH) (36, 56, 57). The significant reduction in accumulation of these lipotoxic
lipids by F23 administration and the concomitant decline in n-6 unsaturated FA and AA
concentrations suggests a pronounced hepatoprotective effect promoted by regaining LAL activity.

At the transcript level, F23 improved several hepatic pathways by alleviating LAL-D-
associated pathological changes in gene expression profiles. The restored expression of genes
involved in -oxidation suggests that the hepatic cells regained the ability to metabolize the FAs
generated by LAL-mediated lipid hydrolysis. Consistent with these findings, the moderate but
significant increase of PLs and FAs in the liver indicates that FAs are indeed mobilized by LAL,
but concomitant rescue of FA R-oxidation limits the accumulation of its lipotoxic by-products (58,
59). These lipidomic and transcriptomic profiles have shown that LAL and its hydrolytic products
are key regulators of numerous pathways and homeostatic processes and that their reactivation by
MRNA-LNPs represents a promising possibility for future therapeutic avenues.

Some limitations of our study, however, need to be mentioned. First, LAL™" mice are a genetic
model of WD and a pathological model of CESD, so unlike WD patients, they do not suffer from
early lethality. Second, due to the degradation of transfectants by phagocytes, a more
comprehensive evaluation of the dosage, dosing interval, and duration of treatment needs to be
performed, as these factors strongly affect the efficacy of gene therapy (19, 60-62). Third, the lack
of body weight gain after administration of mMRNA-LNPs and other treatment modalities, including
ERT and AAV-based approaches, highlights the great need for a better understanding of the
systemic, intestinal, or other extrahepatic mechanisms that drive this pathologic trait of LAL™"
mice (34, 44, 54).

In summary, our study showed that the development and optimization of MRNA-LNP from a
combinatorial library yielded a formulation capable of safely and efficiently delivering mRNA
encoding LAL to partially restore its function in vitro and in vivo in target organs. Long-term
administration of this formulation significantly reduced lipid accumulation, attenuated the
progressive disease phenotype, and restored crucial metabolic functions in the liver of a preclinical
model of LAL-D. We conclude that these findings pave the way for investigating and improving
novel treatment strategies to overcome the limitations of current therapeutic approaches, and offer
perspectives for targeted therapies that could transform the outcome for LAL-D patients.
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MATERIALS AND METHODS

Lysosomal acid lipase enzymatic activity assay

LAL activity was determined using the fluorogenic substrate 4-methylumbelliferone oleate (4-
MUO) (63). with minor modifications. Briefly, 5 uL of protein lysates (1 pg/uL) were mixed with
75 uL of 200 mM sodium acetate buffer, pH 5.5, and preincubated for 10 minutes in the presence
or absence of Lalistat-2 (final assay concentration 0.2 uM) in DMSQO. 25 pL of substrate (4-MUOQO
1 mg/mL in 4% Triton X-100) was added, incubated for 30 minutes at 37 °C, and the reaction was
stopped with 50 uL. of 1 M Tris pH 8.0. Fluorescence (Aex = 360 nm, Aem = 460 nm) was measured
on a Spark microplate reader (Tecan, Maennedorf, Switzerland) and LAL activity was calculated
as the difference between triplicates incubated with and without Lalistat-2. Relative fluorescence
values were normalized to the controls (siCtl- or siLIPA2-treated cells, PBS- or LNP Blank-treated
mice).

Galectin 8-GFP reporter cell model and confocal imaging

The Galectin 8-GFP (GFP-Gal8) reporter fusion model was achieved in HepG2 cells by adapting
previously described protocol (29). Briefly, Piggybac transposon plasmid encoding GFP-Gal8
fusion protein (#127191, Addgene) was co-transfected with a Super Piggybac Transposase
expression vector (#V012800, NovoProlabs). GFP-positive cells were selected at 8 days post-
transfections by fluorescence-activated cell sorting using a FACSAria™ IIIU Fusion (BD
Biosciences, Franklin Lakes, NJ) and BD FACS Diva v8.0.1 software. For confocal imaging,
30,000 HepG2 cells expressing Gal8-GFP were plated out 24 hours before image acquisition in an
Ibidi p-Slide 8-well high glass bottom plate. Cell nuclei were stained with Hoechst (H3570,
Invitrogen, Waltham, MA) prior the addition of 200 uL of DMEM and 100 pL of FO1 or F23
(0.5ug hLIPA mRNA/well). Images were taken at 5 focal planes per view at hourly intervals for
17 hours using an LSM700 laser confocal microscope (Zeiss) and quantified with ImageJ software
(NIH, version 1.54h and 1.54i).

Animal studies

Wild-type CD-1 mice (6-8 weeks of age) were purchased from Charles River (Montreal, QC) and
housed under a specific-pathogen-free conditions with a 12-hour light / dark cycle and maintained
on standard rodent chow (Teklad global, 18% protein rodent diet) with free access to water. All
experiments with CD-1 animals were conducted in accordance with the protocols approved by the
Ethics Committee for Animal Experiments of the Université de Montréal (appr. 23-001).

Kinetic and efficacy studies in LAL™~ mice were performed according to the European Directive
2010/63/EU in compliance with national laws and approved by the Austrian Federal Ministry of
Education, Science and Research, Vienna, Austria (2020-0.129.904). LAL™~ mice were generated
using embryonic stem cells from EUCOMM (Lipa!™aEUCOMMHmMau/Biat)  The Lipa-tmla mice
were crossbred with transgenic mice expressing Cre recombinase under the control of the
cytomegalovirus promotor, resulting in Lipa-tm1b*~ mice. These mice were intercrossed to
generate LAL™ mice and their WT littermates. Male and female mice were enrolled in the studies
at equal numbers.

Efficacy studies in LAL™ mice

Female and male LAL ™ ™M aged 4-9 weeks received either F23 mRNA-LNPs (1.0 pg RNA/g
BW) or empty F23 LNPs and WT littermates received empty F23 LNPs via retro-orbital injection
every 5 days over a period of 2 months, totaling 13 injections. BW was recorded before each
injection. One day after the last injection, the mice were fasted for 4 hours, and euthanized. Blood
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was drawn and plasma was isolated by centrifugation at 3500 rpm for 10 minutes at room
temperature. Livers and spleens were thoroughly rinsed in ice-cold PBS and snap-frozen for further
analyses or fixed in 4% neutral-buffered paraformaldehyde for 24 hours for histological
preparations.

Transcriptomics

cDNA libraries were prepared using the Kapa mRNA Hyper Prep kit (KapaBiosystem) according
to the manufacturer’s instructions, and sequenced on an Illumina NextSeq 500 to generate ~24
million 84-bp single-end reads per sample. Trimmomatic was used for adapter trimming and
removal of low-quality 3' bases. Processed reads were mapped to the GRCm39 mouse reference
genome via STAR using gene annotations from GENCODE M29. Normalization and differential
gene expression analyses were done using the DESeq2 R package (v1.30.1). G:Profiler web-based
software served for functional gene enrichment analysis based on gene sets from the Reactome
pathway database. Gene set enrichment analyses (GSEA) were done with the GSEA software (v.
4.3.0) using fold change (Log2) values from DESeg2 R package. Hallmarks, Reactome and GoBP
MSigDB gene set collections were used in the analysis. Genes ranked with a positive or negative
enrichment were selected and the 15 genes with the highest fold change (Log») were then
computed.

Targeted lipidomics

Pulverized tissues were incubated overnight at 4°C in a solution of chloroform/methanol (2:1)
containing 0.004% butylated hydroxytoluene (BHT), filtered and dried under nitrogen gas.
Cholesteryl esters and triglycerides were eluted on an aminopropyl column (Bond Elut LRC-NH2,
500mg) (Agilent Technologies). Fatty acids from each fraction were analyzed as their methyl esters
after a direct transesterification with acetyl chloride/methanol on a 7890B gas chromatograph
coupled to a 5977A Mass Selective Detector (Agilent Technologies, USA) equipped with a
capillary column (J&W Select FAME CP7420; 100 m x 250 upm inner diameter; Agilent
Technologies Inc.) and operated in the PCI mode using ammonia as the reagent gas. Samples were
analyzed under the following conditions: injection at 270 °C in a split mode (split ratio: 50:1) using
high-purity helium as the carrier gas (constant flow rate: 0.44 mL/min) and the following
temperature gradient: 190 °C for 25 min, increased by 1.5°C/min until 236°C. Fatty acids were
analyzed as their [M+NH3]+ ion by selective ion monitoring and concentrations were calculated
using standard curves and isotope-labeled internal standards. PCA was performed on a web-based
software PCA calculator https://www.statskingdom.com/pca-calculator.html.

Statistical analysis

Data were analyzed and presented using GraphPad Prism (8.4.0). Principal component analysis
was performed by plotting each value for PC1 and PC2 in a scatter dot plot in Prism. Figures show
mean = SEM. Unpairwise comparison of means between two groups was performed using
Student’s t-tests (two sided) with the assumption of normal distribution of the data. Multiple groups
were compared using one-way analysis of variance (ANOVA) with Tukey’s post hoc correction.
Values and error bars are expressed as means + SEM. Degrees of significance were defined as P
<0.05 (*P <0.05, **P < 0.01, and ***P < 0.001).
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Materials and Methods

Cell culture

HepG2 cells (ATCC; HB 8065, passages 10-25) were maintained in high-glucose Dulbecco’s
modified Eagle’s medium (DMEM plus sodium pyruvate, supplemented with 10% fetal bovine
serum (FBS) and 1% penicillin/streptomycin. Cells were harvested using trypsin (all reagents from
Wisent) at 70-90% and reseeded to 50% confluency.

RNA extraction from cells and tissues

Total RNA from cells was isolated using Monarch® Total RNA Miniprep Kit (New England
Biolabs, Ipswich, MA) following manufacturer’s protocol. Total RNA from ~20 mg of tissues
was isolated by homogenization in TRIzol reagent (Millipore-Sigma, Burlington, MA) using the
TissueLyzer® II, extracted as described (64), and resuspended in diethyl pyrocarbonate (DEPC)-
treated water.

Reverse transcription quantitative real-time PCR

Reverse transcription was performed with 1 pug of RNA using the LunaScript RT SuperMix Kit
(E3010, New England Biolabs, Ipswich, MA) on a SimpliAmp thermal cycler (A24812, Applied
Biosystems) according to the manufacturer’s protocol. Primers used for the amplicon of the
encapsulated mRNA (hLIPA) were specific to the FLAG sequence: Forward (Fwd) primer 5°-
CTGGGGAAGCAGTGCCAAGAATTA-3’, Reverse (Rv) primer 5’-
GTCGTCATCGTCTTTGTAGTCCTG-3". For the endogenous human LIPA (LIPA) in HepG2
cells, the 3’UTR region was amplified using the Fwd primer 5’-CTCTGGACCCTGCATTCTGA-
3’ and Rv primer 5’-AGACAACTGGTTTGGGACCTTTG-3". Quantitative RT-PCR was
performed with the Luna Universal gPCR Master Mix (M3003, New England Biolabs) on a
QuantStudio 5 Real-time PCR system (A28133, Applied Biosystems). Fold change expression
levels were calculated using the 2-AACt method and normalized to endogenous human TAT-Box
Binding Protein (TBP) for HepG2 cell extracts (Fwd: 5’-TGCCACGCCAGCTTCGGAGA-3’,
Rv: 5’-ACCGCAGCAAACCGCTTGGG-3’, and to mouse TBP for in vivo experiments (Fwd: 5°-
CTGGCGGTTTGGCTAGGTTT-3’, Rv: 5’-ACCATGAAATAGTGATGCTGGG-3".
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Protein extraction from cells and tissues

Cells were harvested by scraping in Triton X-100 lysis buffer (150 mM NaCl, 50 mM Tris-HCI
pH 7.4, 5mM EDTA, 1mM EGTA, 1% Triton X-100, with protease inhibitor cocktail (PI1C; 1:100
dilution; ab65621, Abcam, Cambridge, UK), NaF (5 mM), and Na3VO4 (1 mM) added before
use), left on ice for 30 minutes with occasional vortexing, centrifuged (17,000 x g for 20 minutes
at 4 °C), and the infranatants were stored at —80 °C until use. The snap-frozen tissues were
pulverized using a liquid N2-cooled mortar and pestle, weighed (~20 mg), and homogenized in
Triton X-100 lysis buffer using the TissueLyzer® Il equiped with steel beads (69997; Qiagen,
Hilden, Germany) for 2 x 30 Hz, with 30 s per cycle. The homogenized samples were incubated
on ice for 30 minutes with occasional vortexing. Total protein content of the lysates was
determined using the Pierce microBCA protein assay kit (23235, Thermo Fisher Scientific,
Waltham, MA), following the manufacturer’s instructions.

Immunobloting

Fifteen and thirty micrograms of proteins for in vitro and in vivo experiments, respectively, were
separated on a 10% SDS-PAGE, transferred onto polyvinylidene difluoride membranes (PVDF;
Millipore-Sigma, Burlington, MA) using a semi-dry Trans-Blot SD (Bio-Rad, Hercules, CA),
blocked, and incubated with anti-LAL (sc-58374, clone 9G7F12, Santa Cruz Biotechnology,
Dallas, TX) or anti-FLAG antibody (Millipore-Sigma, F7425) both at a 1:1000 dilution overnight
at 4 °C. The following day, the membranes were incubated for 1 hour at room temperature with
the corresponding horseradish peroxidase-conjugated secondary antibodies (KP-5220-0367, KP-
5220-0336, Mandel scientific, Guelph, ON) and incubated with the SuperSignal West Pico PLUS
Chemiluminescent substrate (34579, Thermo Fisher Scientific). Chemiluminescence was detected
on Blu-Lite films (A8815, Dutscher, Bernolsheim, France). Vinculin (14-9777-82, clone 7F9,
Thermo Fisher Scientific) expression was determined as a loading control.

Nile red staining of neutral lipids

HepG2 cells were seeded in 24-well plates (75,000/well) and incubated for 24 hours prior to
staining with a commercially available Nile red kit (500001, Cayman chemicals, Ann Arbor, MI)
and DAPI (1 pg/mL, Millipore-Sigma). The fixed cells were imaged with a 20x objective on an
Axio Observer Zeiss Z1 microscope (Zeiss, Oberkochen, Germany) and quantified using ImageJ
software (NIH, version 1.54h and 1.54i).

Small interfering RNA treatments in HepG2 cells

At a density of 150,000 cells per well, HepG2 cells were plated in 6-well plates for 24 hours prior
the transfection with 10 nM of siLIPAL1 (#S100005082), siLIPA2 (#S100005103) (both from
Qiagen) or siCtl (#1027292,AllStars, Qiagen) , and 5 uL of RNAIMAX (Thermo Fisher Scientific)
following the manufacturer’s protocol. For screening of the mRNA-LNPs, 1,800,000 cells were
plated in a 10-cm2 petri dish, and transfection was performed with 15 pL of siLIPA2 and 30uL of
lipofectamine RNAiMax following an adapted version of the manufacturer’s protocol.

hLIPA mRNA and Nanoparticle formulation

hLIPA mRNA was synthesized at TriLink Biotechnology (San Diego, CA, USA) and included the
coding region (NM001127605.3) flanked with the 5’UTR and 3’UTR optimized for mRNA
translation, the poly-adenosine tail at the 3’end, a N7-methyl guanosine and adenosine
(m7GpppAG) cap, and 5-methoxyuridine as modified base. A C’ termina FLAG sequence was
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added prior the STOP codon. DLin-MC3-DMA (Caymans chemicals), DMG-PEG (Millipore-
Sigma), cholesterol (Millipore-Sigma) DSPC, DPPC, DOPE, DMPC, HSPC, DOPC (all were
from Lipoid) and stock solutions were prepared in RNAse-free absolute ethanol. 5A2-SC8
ionizable lipid was synthesized and characterized as previously described (20), The stock solutions
of each lipid were pipetted and mixed at the given molar ratio listed in Table S3. mMRNA was
diluted in sodium acetate buffer (25 mM, pH 4.0). The molar ratio of the amine groups of the
ionizable lipid to the phosphate groups on mRNA (N/P ratio) was kept at 8 for all the formulations
of the library. Ethanol and aqueous phases were mixed using a microfluidic polycarbonate
herringbone chip (FLUIDIC 187, Chipshop, Germany) with the aid of a pressure flow controller
(OB1 MK3+, Inside Therapeutics, France) to generate the LNPs. For all the formulations, the
pressure of the organic phase and of the aqueous phase were kept at 400 mbar and 480 mbar,
respectively. For in vitro experiments, LNPs formulations were diluted with 1X RNAse-free PBS
to 0.5 pg hLIPA mRNA for transfection into HepG2. For animal experiments, mMRNA-LNP
formulations were dialyzed (Pur-A-Lyzer Midi Dialysis Kits, WMCO 3.5kDa, Thermo Fisher
Scientific) against 1X RNase free PBS for 1h then diluted with PBS for i.v. injection.

LNP characterization

LNP size was assessed by dynamic light scattering (Zetasizer Nano ZS; Malvern Instruments,
Worcestershire, UK). The surface charge was measured by zetametry (NanoBrook Omni
:Brookhaven instruments, Nashua, NH). The encapsulation efficiency was determined using the
Quant-iT RiboGreen RNA Assay (R11490, Thermo Fisher Scientific) based on a modified
protocol to allow measurements in a 96-well plate. Briefly, 10 uL of LNP formulation were diluted
(1:120) in 10 mM Tris-HC1, 1 mM EDTA, pH 7.5 (TE) buffer and either 90 uL of TE buffer or 2%
Triton X-100 (Tx) were added and the samples were incubated for 10 minutes at 37 °C. Ribogreen
solution was added to the samples and incubated at room temperature for 10 minutes
andfluorescence was assessed with a microplate reader (TECAN model SPARK, Switzerland) at
Aexc =485 nm, Aem = 528 nm.

Cell viability

HepG2 cells were seeded at a density of 15,000 cells/well in a 96-well plate. After 24 hours, cells
were transfected for 24 hours with either blank or mRNA-loaded LNPs at the desired lipid
concentration. After 30 minutes of incubation with PrestoBlue (Thermo Fisher Scientific,
A13261), the fluorescence (Aexc = 560 nm, Aem = 590 nm) was measured using a Spark microplate
reader (Tecan).

Biodistribution and pharmacokinetics studies

DiIC18(5); 1,1'-dioctadecyl-3,3,3',3'- tetramethylindodicarbocyanine, 4-chlorobenzenesulfonate
salt (DiD) (D7757, Thermo Fisher Scientific) was incorporated into the selected mMRNA-LNP
formulations at a 0.2 molar ratio, and CD-1 mice (3—4 per group) were injected with either 0.5 ug
mRNA /g body weight (BW) or PBS through the tail vein. Blood was collected at 0.08, 0.5, 1, 2,
4, 8, 24, and 48 hours and fluorescence (Aexc/em: 630/675 nm) in the plasma was measured with
a Spark microplate reader (Tecan). Noncompartmental pharmacokinetic parameters were
calculated using Kinetica software (version 5.1 SP1, Thermo Fisher Scientific). Animals were
euthanized after 48 hours, the organs were collected and imaged with the OiS300 Lighttrack in
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vivo imaging system (Labeo Technologies Inc., City, Canada) using a CyS5.5 filter (Aexc/em:
655/716 nm).

Quantification of hLIPA mRNA organ delivery

FO1, F23, F27, and F50 were administered i.v. at 0.5 or 1.0 ug/g BW. WT mice were euthanized
2, 8, 24, and 72 hours, LAL—/— mice 24-, 48-, and 72-hours post-injection (3 animals per time
point and formulation), along with corresponding PBS-injected controls. RNA was extracted from
livers and spleens as described above. A gPCR calibration curve was generated by spiking known
amounts of serially diluted exogenous hLIPA mRNA to tissue homogenates and the delivered
hLIPA mRNA per mg of the pre-weighed tissue powder was extrapolated to the total amount of
hLIPA mRNA per organ.

Cy5 labeling of hLIPA mRNA and flow cytometry

hLIPA mRNA was labeled with Cy5 using the Label IT Nucleic Acid Labeling Kit (MIR3100,
Mirus Bio), encapsulated in LNPs, and injected i.v. at a dose of 0.5 ug/g BW mRNA. Controls
were injected with PBS. After 2 hours, mice were perfused with PBS and the liver was isolated
and digested in DMEM containing 0.15 U/mL Liberase TL (0540102000, Millipore Sigma) at 37
°C under shaking for 45 minutes. The mixture was neutralized at 4 °C with HEPES buffer
containing 2% FBS and 25 mM EDTA, the digest was passed through a 70-um cell strainer and
the red blood cells lysed using lysis buffer (00-4333, Thermo Fisher Scientific). One million cells
were blocked with TruStain FeX™ PLUS (156603, clone S17011E, BioLegend), and distinct
hepatic cell populations were sorted by flow cytometry using a BD LSRFortessa cell analyzer and
BD FACS Diva v8.0.1 software. The following antibodies were used: Brilliant Violet 421 anti-
CD31 (102424, clone 390), Alexa Fluor 488 anti-CD45.2 (103122, clone 104),
Phycoerythrin/Cyanine7 anti-F4/80 (123114, clone BMS8, all BioLegend), and Coralite 594 anti-
ASGR-1 (CL594-11739, Proteintech). Live/Dead fixable Near IR (L34992, Invitrogen) was used
to evaluate cell viability. Endothelial cells were defined as CD31+, CD45-, F4/80-, Kupffer cells
as CD31-, CD45+, F4/80+, and hepatocytes as CD31-, CD45-, ASGR1+.

Oil red O (ORO), hematoxylin-eosin (H&E), and Sirius red (SR) staining
Paraformaldehyde-fixed tissues were paraffin-embedded for H&E and SR or sucrose-
cryoprotected, OCT-embedded, and frozen-cut for ORO staining. Tissues were sectioned at 5-pm
thickness, and staining was performed as previously described (65). The sections were imaged
with an Olympus Slide View Digital Slide Scanner VS200 (Olympus Life Sciences, Tokyo, Japan)
and quantified using QuPath-0.5.1 software.

ALT and AST measurement

Whole blood was collected in heparin tubes (450536, Greiner Bio one) and plasma samples were
diluted 1:4 in PBS. Aspartate aminotransferase (AST) and alanine aminotransferase (ALT)
measurements were performed on a Fujifilm Dry Chem NX500i machine (Fujifilm) and
colorimetric multilayered slides (GOT/AST and GPT/ALT slides, Fujifilm).
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ATGAAAATGCGGTTCTTGGGGTTGGTGGTCTGTTTGGTTCTCTGGACCCTGCATTCTGAGG

GGTCTGGAGGGAAACTGACAGCTGTGGATCCTGAAACAAACATGAATGTGAGTGAAATTA
TCTCTTACTGGGGATTCCCTAGTGAGGAATACCTAGTTGAGACAGAAGATGGATATATTCT
GTGCCTTAACCGAATTCCTCATGGGAGGAAGAACCATTCTGACAAAGGTCCCAAACCAGT
TGTCTTCCTGCAACATGGCTTGCTGGCAGATTCTAGTAACTGGGTCACAAACCTTGCCAAC
AGCAGCCTGGGCTTCATTCTTGCTGATGCTGGTTTTGAGTGTGGATGGGCAACAGCAGAG

GAAATACCTGGTCTCGGAAACATAAGACACTCTCAGTTTCTCAGGATGAATTCTGGGCTTT
CAGTTATGATGAGATGGCAAAATATGACCTACCAGCTTCCATTAACTTCATTCTGAATAAA
ACTGGCCAAGAACAAGTGTATTATGTGGGTCATTCTCAAGGCACCACTATAGGTTTTATAG
CATTTTCACAGATCCCTGAGCTGGCTAAAAGGATTAAAATGTTTTTTGCCCTGGGTCCTGT

GGCTTCCGTCGCCTTCTGTCTAGCCCTATGGCCAAATTAGGACGATTACCAGATCATCTCA
TTAAGGACTTATTTGAGACAAAGAATTTCTTCCCCAGAGTGCGTTTTTGAAGTGGCTGGGT
ACCCACGTTTGACTCATGTCATACTGAAGGAGCTCTGTGGAAATCTCTGTTTTCTTCTGTGT
GGATTTAATGAGAGAAATTTAAATATGTCTAGAGTGGATGTATATACAACACATTCTCCTG
CTGGAACTTCTGTGCAAAACATGTTACACTGGAGCCAGGCTGTTAAATTCCAAAAGTTTCA
AGCCTTTGACTGGGGAAGCAGTGCCAAGAATTATTTTCATTACAACCAGAGTTATCTCCCA
CATACAATGTGAAGGACATGCTTGTGCCGACTGCAGTCTGGAGCGGGGGTCCGACTGGCT

TGCAGATGTCTACGACGTCAATATCTTACTGACTCAGATCACCAACTTGTGTTCCATGAGA
GCATTCCGGAATGGGAGCATCTTGACTTCATTTGGGGCCTGGATCCCCTTGGAGGCTTTAT
AATAAAATTATTAATCTAATGAGGAAATATCAGEACTACAAACACCATCACCACAAGTCA |

| START codon | Signal peptide | FLAG Tag | STOP codon |

Figure S1. Designed exogenous hLIPA mRNA. LIPA lipase A, lysosomal acid type Homo
sapiens (human) NM001127605.3 from the NCBI nucleotide database. A C-terminal FLAG TAG
was added to distinguish between endogenous LIPA mRNA and encapsulated exogenous hLIPA
MRNA.
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Figure S2. *H-NMR spectrum of AEMA (600 MHz, D6-DMSO, 3).
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Figure S3. 'H-NMR spectrum of the non-purified intermediate “5A2-meth” (600 MHz, D6-
DMSO, 3).
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Figure S4. Characterization of the synthesized ionizable lipid 5A2-SC8. (A) H-NMR
spectrum of the synthesized lipid 5A2-SC8 (600 MHz, D6-DMSO, §) after purification. 4.22 (s,
12H, -OCH2CH20-), 2.70-2.65 (m, 20H, -CHCH2SC8H17; -NCH2CH2COO0-), 2.60-2.52 (m,
10H, -SCH2C7H15), 2.49-2.47 (m, 14H, -NCH2CH2NCH2CH2N-), 2.46-2.44 (m, 12H, -
NCH2CH2COO-), 1.51-1.43 (c, 10H, -SCH2CH2C6H13), 1.34-1.25 (m, 14H, -
OCOCH(CH3)CH2S-), 1.23-1.16 (s, 40H, -SCH2CH2CH2CH2CH2CH2CH2CH3), 1.13-1.11 (d,
12H, -SCH2CH2CH2C5H11), 0.85-0.82 (t, 17H, -SC6H12CH3). (B) LC spectrum of the purified

fractions after column chromatography including associated MS spectrum for each peak with the
specified m/z. 5A2-SC8 is expected to appear at m/z = 1841.
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Figure S5. Linear relation between pressure ratio and flow rate. Increase of the ratio between
the aqueous channel pressure (Pag) versus the pressure of the organic phase (Porg) mediates an
increase in the total flow rate in a linear relationship. The ratio was defined by maintaining Porg
constant and increasing Pag.
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Figure S6. Optimization of the microfluidic setup. Dependence of the (A) hydrodynamic size
(left axis) and the polydispersity index (right axis) as well as (B) the encapsulation efficiency on
the flow rate of the microfluidic system. Data represent mean + SEM of n=5 measurements.
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Figure S7. In vitro dose-response study with FO1 formulation. (A) Exogenous hLIPA mRNA
fold change in Log: (left y-axis) and relative hLIPA mRNA-induced LAL activity (right y-axis) in
HepG2 cells upon transfection with increasing amounts of encapsulated hLIPA mRNA. Data
represent mean = SEM of n=3 independent experiments. (B) Immunoblotting showing the gradual
increase of the band intensity with increasing hLIPA mRNA dosage. Vinculin was used as a
loading control.
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Figure S8. In vitro Kinetic evaluation of encapsulated hLIPA mRNA delivery. FO1 was
transfected in HepG2 and the intracellular hLIPA mRNA levels were determined in the cell lysate
and the medium at the indicated time points. The graph shows mean + SEM of 3 independent
experiments.
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Figure S9. Cell viability of the tested formulations. Viability measurement 24 hours post-
exposure of HepG2 cells to the mMRNA-LNP formulations compared to cells grown in the absence
of lipids. Data represent mean + SEM of 3 independent experiments.
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Figure S10. hLIPA mRNA levels delivered to tissues by selected formulations. (A) Exogenous
hLIPA-mRNA delivered in the liver, (B) the spleen, and (C) in the lungs. Fold change have been
normalized on murine TAT-binding protein (TBP). Data represent mean + SEM (n = 3).
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Figure S11. Pharmacokinetic analysis of the selected LNPs in healthy mice following i.v.
administration. (A) Time-dependent changes of the plasma total lipid concentration (Cp) of the
selected LNPs. (B) Pharmacokinetic parameters of the selected formulations. Data represent mean

+ SEM (n = 3).
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Figure S12. Quantification of the absolute amount of exogenous hLIPA mRNA delivered to
the liver or the spleen. (A) Process workflow for the extrapolation of the absolute hLIPA mRNA
amount delivered to the liver or spleen. (B) Standard curves with the cycle threshold (CT) values
versus the hLIPA mRNA amount of the standards in logarithmic scale for liver and (C) spleen.
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Figure S13. Flow cytometry gating strategy for immunophenotyping and transfection
efficiency of F23 in hepatic cell subtypes. (A) All events recorded and subsequent isolation of
single cells. (B) isolation of viable cells based on negative Live-dead staining. (C) preliminary
separation of hepatic subpopulation defined as: immune cells CD31- and CD45" endothelial cells
CD31" and CD45", parenchymal cells CD31", CD45. (D) From C, Kupffer cells were specifically
isolated as F4/80* from the immune cells gate and hepatocytes as ASGPR™ from the parenchymal
gate. In all subpopulation Cy5 mRNA signal was measured. In total n=3 mice.
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Figure S14. Comparison of mMRNA delivery in WT and LAL" mice. (A) mRNA levels in the
liver and (B) spleen. Unpaired two-tailed Student’s t-test. Graphs show mean = SEM (n=3). ns:
non-significant.
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Figure S15. Organ weights in the efficacy study separated by sex. (A) Weight of the liver and
(B) of the spleen from the three cohorts; untreated LAL™ mice (LAL+Blank), F23-treated LAL"
" mice (LAL"+F23) and wild-type control mice (WT+Blank). Red triangles depict the male mouse
(0629) with a later initiation of treatment. One-way ANOVA with Tukey’s post hoc test analysis
between each group in each sex *P < 0.05, **P < 0.01, ***P < 0.005, and ****P < 0.0001. Graphs
show mean = SEM (n>4).
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Figure S16. Total lipid concentrations in liver and spleen in the CE, TG, and PL + FFA
fractions. (A) Total concentration of all 29 fatty acid methyl esters in each fraction in liver and
(B) spleen. Red triangles depict the male mouse (0629) with a later initiation of treatment. One-
way ANOVA with Tukey’s post hoc test analysis. *P < 0.05, **P < 0.01, ***P < 0.001, and
****p < 0.0001. Graphs show mean + SEM (n>9).

>
w

400 WT+Blank LAL/+Blank @ LAL/+F23 - WT+Blank LAL/+Blank ml LAL-/+F23 0
g’ » E’ g’ Hk kK —_— E
3 T T F20 o 3 f 1 I l m
2 80 m =] Kok KK 0.8 5
£ *k *k kK > £ *kokK >
E HHkk » £ 5o ns »
c Q I — (1)
2 60- o ’ o3 9 o L0.6 3
[ ® o (X} L/ [ ]
2 = > s £ b = o 2
° ] @ . ° I
o ° 10 & o ' E
c 40 e L] ) o c 0.4 g
8 = 8 54 : ' =
. |pk D0 T 2 H 3
< ¢ - < ;
L 20 |ee .'. -5 3 w : 0.2 3
b 4 = © =
3 & 3 H
0 -0 0 - 0.0

Figure S17. Omega-6 and omega-3 lipid concentrations. (A) Total omega-6 FAs in the CE, TG,
and PL+FFA fractions in liver and (B) spleen. Omega-6 FAs include linoleic acid (C18:2n6), y-
linolenic acid (C18:3n6), eicosadienoic acid (C20:2n6), dihomo y-linolenic acid (C20:3n6), and
arachidonic acid (C20:4n6). Omega-3 fatty acids include a-linolenic acid (C18:3n3), stearidonic
acid (C18:4n3), eicosatrienoic acid (C20:3n3), eicosatetraenoic acid (C20:4n3), eicosapentaenoic
acid (C20:5n3), docosapentaenoic acid (C22:5n3), and docosahexaenoic acid (C22:6n3). One-way
ANOVA with Tukey’s post hoc test analysis. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P <
0.0001. Graphs show mean + SEM (>9)
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Figure S18. Total arachidonic acid (AA) concentrations. Total AA concentrations were pooled
from the CE, TG, and PL+FFA fractions for each mouse in the cohorts. Red triangles depict the
male mouse (0629) with later initiation of F23 treatment. one-way ANOVA post Tukey’s post hoc
test comparison. ****P < 0.0001. Graphs show mean + SEM (n>9).
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REAC stats

Term name Term 1D Padj N —logio(Pasj) s Show evidence codes
Innate Immune System REAC:R-MMU-... 3.363x%10°31
Immune System REAC:R-MMU-_.. 1.831x10725
Neutrophil degranulation REAC:R-MMU- ... 8.208x10°2!
Cell surface interactions at the vascular wall REAC:R-MMU-... 6.753x10°20
Antigen activates B Cell Receptor (BCR} leading to gen... REAC:R-MMU-... 8.376x10°V
Immuncregulatory interactions between a Lymphoid an... REAC:R-MMU-... 1.801x10-18
Hemostasis REAC:R-MMU-... 1.489x10°18
FCGR activation REAC:R-MMU-... 1.031x10°14
Complement cascade REAC:R-MMU-... 3.515%10°14
Regulation of Complement cascade REAC:R-MMU- ... 8.902x10714
Scavenging of heme from plasma REAC:R-MMU-... 9.734x10°4
FCERI mediated Ca+2 mobilization REACIR-MMU-... 1.182x10713
CD22 mediated BCR regulation REAC:R-MMU-... 2.045x10°1
Extracellular matrix organization REAC:R-MMU-... 3.277x10712
Binding and Uptake of Ligands by Scavenger Receptors REAC:R-MMU-... 3.395x10°1%
FCERI mediated MAPK activation REAC:R-MMU-... 4.570x10°13
Role of phospholipids in phagocytosis REAC:R-MMU-... 5192x10°12
Creation of C4 and C2 activators REAC:R-MMU-... 5607x10°13
Degradation of the extracellular matrix REAC:R-MMU-... 7.276x10°13
Classical antibody-mediated complement activation REAC:R-MMU-... 9.378x10-2
Fcgamma receptor {FCGR) dependent phagocytosis REAC:R-MMU-... 1.802x10°12
Role of LAT2/NTAL/LAB cn calcium mobilization REAC:R-MMU-... 1.891x10712
Initial triggering of complement REAC:R-MMU-... 2.670x10°12
Regulation of actin dynamics far phagocytic cup formati... REAC:R-MMU-... 7.280x10712
Signaling by the B Cell Receptor {BCR) REAC:R-MMU-... 1.439x10°7
Collagen degradation REACIR-MMU-... 6.906x10°6
Collagen formation REACIR-MMU-... 6.818x10°5
Fc epsilen receptor (FCERI) signaling REAC:R-MMU-... 9.845x10°9
Assembly of collagen fibrils and other multimeric struet... REAC:R-MMU-... 1.076x10-*
Chemckine receptors bind chemokines REAC:R-MMU-... 3.520x104
FCERI mediated NF-kB activation REAC:R-MMU-... 6.264x1074
Arachidonic acid metabalism REAC:R-MMU-... 1.550x10°2
Signaling by GRCR REACIR-MMU-... 3.342x10°3
Activation of Matrix Metalloproteinases REACIR-MMU-... 4.474x10-3
Collagen biosynthesis and medifying enzymes REAC:R-MMU-... 5.852x10°%
G alpha (i) signalling events REAC:R-MMU-... 6.119x10-3
GPCR downstream signalling REAC:R-MMU-... 7.276x10°3
Class A1 {(Rhodopsin-like receptors) REAC:R-MMU-... 7.797x1073
Non-integrin membrane-ECM interactions REAC:R-MMU-... 9.452x10°3
Platelet activation, signaling and aggregation REAC:R-MMU-... 1.003x10-2
NCAM1 interactions REAC:R-MMU-... 1.092x10-2
GPVI-mediated activation cascade REAC:R-MMU-... 1.108x1072
Integrin cell surface interactions REAC:R-MMU-... 1.420x10°2
Biological oxidations REAC:R-MMU-... 1.649x10°2
Cross-presentation of particulate exogenous antigens |... REAC:R-MMU-... 2.301%10°2
Metabolism of Angiotensinogen to Angiotensins REAC:R-MMU-... 4.757x10°2

Figure S19. Full g:Profiler functional gene analysis for Reactome pathways. Differentially
expressed genes were selected from the LAL+Blank vs WT+Blank groups with a fold change of
>2.0 and an FDR cutoff of <0.01, yielding a total of 2440 up-regulated genes and 823 down-
regulated genes. The 3263 genes were computed in the web server g:Profiler.
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Figure S20. Enrichment plots from Gene Set Enrichment Analysis (GSEA) for the selected

functional pathways. (A) down-regulated pathways (enriched in the WT+Blank group). (B) Up-
regulated pathways (enriched in the LAL-/-+Blank group).
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LAL"-+F23 WT+Blank

LAL"+Blank LAL"+F23 ) WT+Blank

Figure S21. H&E staining of liver tissue. (A) Representative image with lower power view
depicting the portal vein (PV) and centrilobular vein (CV) locations in the liver showing the
presence of necrotic hepatocytes, microvesicular steatosis, and immune infiltrates, which are
reduced in F23-treated LAL™ mice and not present in WT mice. Scale bar, 100 pum. (B)
Magnification to better visualize the microvesicular steatosis spots in hepatic tissues and
ballooning in hepatocytes, which is reduced by F23 treatment. Scale bar, 20 pm.
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Form. | lonizable lipid Helper lipid Cholesterol DMG-PEG Size [nm] PDI Zeta EE [%0]
Mol. ratio / Mol. ratio / Mol. ratio / Mol. ratio / (N=3) (N=3) potential (N=3)
Mol. Mol. Mol. Mol. [mV]
percentage [%0] | percentage [%] | percentage [%] | percentage [%6] (N=3)
Fol PLICS: DSPC Cholesterol DMG-PEG | 10L04% | 0179% | oy o | o1 084545
20150 10/10 38.5/38.5 1.50/1.50 11.84 0.078 D4 08 £3.
FO2 DLin-MC3- DSPC Cholesterol DMG-PEG
DMA 15/14 38.5/36.67 1.50/1.43 11550+ 1 0.242% |, 5,599 | 89.38 +2.14
Cors 15.84 0.125
FO3 DLin-MC3- DSPC Cholesterol DMG-PEG 99.49 + 0.236 +
DMA 20/18 38.5/35 1.50/1.36 -0.40+6.92 | 89.46 +2.31
E0/45 22.02 0.053
Fo4 DLin-MC3- DSPC Cholesterol DMG-PEG
DMA 15/16 35.0/38.25 1.50/1.64 8835+ | 0238+ | 45,994 | 85.03+6.84
aora 7.54 0.058
FO05 DLin-MC3- DSPC Cholesterol DMG-PEG
DMA 25/23 40.0/37.56 soar | MRS OBIE | aaseoa0 | THOE
40/38% : : :
F06 DLin-MC3- DSPC Cholesterol DMG-PEG
DMA 1011 38.5/42.78 150/1.67 7658+ | 0175 | 3564758 | 9230291
aora 7.07 0.037
FO7 DLin-MC3- DSPC Cholesterol DMG-PEG
DMA 15/21 30.0/41.90 1.50/2.10 8684+ | 0241+ | 447,396 | 94314322
o515 19.30 0.083
Fo8 DLin-MC3- DSPC Cholesterol DMG-PEG
DMA 15/16 45.0/47 87 4.00/4.26 9243+ | 0294% *1.26% | 59594668
28.80 0.102 457
30/32
F09 DLin-MC3- DOPE Cholesterol DMG-PEG
DMA 10/10 38.5/38.5 1.50/1.50 14401+ | 01522 | 545,545 | 58234573
Y 20.76 0.008
F10 DLin-MC3- DOPE Cholesterol DMG-PEG
DMA 15/17 30.0/34.68 1.50/1.73 11153+ | 0.158% | ;85,553 | 79.34+1.02
20145 7.42 0.114
F11 DLin-MC3- DOPE Cholesterol DMG-PEG 88.88 + 0.176 +
DMA 15/18 30.0/36.81 1.50/1.84 224+173 | 87.18+2.38
25143 9.57 0.068
F12 DLin-MC3- DOPE Cholesterol DMG-PEG
DMA 20/23 35.0/40.36 1.50/1.64 9035+ | 0204 | 449,535 | 94414151
2557 0.095
30/35
F13 DLin-MC3- DOPC Cholesterol DMG-PEG
DMA 10/10 38.5/38.5 1.50/1.50 10327+ | 0.187% | 45,387 | 7802+7.75
E0/50 5.28 0.080
F14 DLin-MC3- DOPC Cholesterol DMG-PEG
DMA 15/20 30.0/39.22 1.50/1.96 8489+ | 0226+ | 51,530 | 7870820
20/ 11.35 0.023
F15 DLin-MC3- DOPC Cholesterol DMG-PEG
DMA 20/21 35.0/36.46 1.00/1.04 10428+ | 0.215% | g g, g55 | (213%
aolto 6.84 0.060 18.36
F16 DLin-MC3- DOPC Cholesterol DMG-PEG
DMA 15/15 45.0/ 44.43 1.50/1.57 9007+ | 0269+ | 5y, 305 | 89.71+1.43
9.17 0.081
40/39
F17 DLin-MC3- DMPC Cholesterol DMG-PEG
DMA 10/10 38.5/38.5 1.50/1.50 10505+ | 0.197% | a9, 554 | 71.20+9.21
E0/E0 5.38 0.087
F18 DLin-MC3- DMPC Cholesterol DMG-PEG
DMA 15/16 38.5/40.53 1.50/1.58 10647+ 1 0.120% | 4 o5, 760 | 77.10 +8.44
2o/ 10.46 0.080
F19 DLin-MC3- DMPC Cholesterol DMG-PEG 9718+ | 0200% W054% | o oo
DMA 20/20 40.0/39.41 1.50/1.48 12.31 0.045 439 2828,
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40139
F20 DLin-MC3- DMPC Cholesterol DMG-PEG
DMA 20125 30.0/36.81 1.50/1.84 81.04x | 0170% | gg54605 | 80.80+8.75
5.0 0.092
30/37
F21 DLin-MC3- DPPC Cholesterol DMG-PEG
DMA 10/10 38.5/38.5 1.50/1.50 107.68+ | 0.173% | ;55,559 | 86.41+9.73
Y 11.13 0.082
F22 DLin-MC3- DPPC Cholesterol DMG-PEG
DMA 20/19 40.0/37.56 1.50/1.41 9854+ | 0189+ ¥3.25% | 43674809
e 10.44 0.044 3.68
F23 DLin-MC3- DPPC Cholesterol DMG-PEG
DMA 15/16 35.0/38.25 1.50/1.64 8695+ | 0157+ ¥0.06+ | 51504136
oh 2.78 0.075 7.33
F24 DLin-MC3- DPPC Cholesterol DMG-PEG
DMA 1014 30.0/41.10 3.00/4.11 STOLE | OdT8% | o614531 | 83.49x6.68
Sy 5.08 0.078
F25 5A2-5C8 DSPC Cholesterol DMG-PEG | 10020% | 0.185< R2TTE | gy oo oo
50/50 10/10 38.5/38.5 1.50/1.50 5.56 0.076 0.87 62£6.
F26 5A2-5C8 DSPC Cholesterol DMG-PEG 9504 | 0173 1233+ 80.02 %
30/39 15/20 30.0/39.22 1.50/1.96 11.75 0.060 3.49 15.99
F27 5A2-5C8 DSPC Cholesterol DMG-PEG | 10425+ | 0214+ W024% | oo oo
50/47 20/19 35.0/33.02 1.00/0.94 1025 0.095 2.64 063,
F28 5A2-5C8 DSPC Cholesterol DMG-PEG 9726% | 0197 | .. ... | B8099%
50/45 15/13 45.0/40.36 1.50/1.35 10.92 0.081 118, 1213
F29 5A2-5C8 DSPC Cholesterol DMG-PEG 9232+ | 0252% 110+ 81.66 *
40/44 10/11 38.5/42.78 1.50/1.67 6.70 0.096 5.39 11.41
F30 5A2-5C8 DOPE Cholesterol DMG-PEG 9772 | 0214z
40/44 10/10 38.5.38.5 1.50/1.50 0.93 0084 | 161500 | 9049+061
Fal 5A2-5C8 DOPE Cholesterol DMG-PEG 8954+ | 0150z
40/46 15/17 30.0/34.68 15/1.73 3.78 0.055 | 20300 | 8579144
F32 5A2-5C8 DOPE Cholesterol DMG-PEG 9004+ | 0166z
35/43 15/18 30.0/36.81 1.5/1.84 1.40 0.067 | 099+7.36 | 8462+053
F33 5A2-5C8 DOPE Cholesterol DMG-PEG 9842+ | 0212% W68 | go o 1107
30/35 20123 35.0/40.46 1.50/1.73 1.89 0.076 4.43 Sl+l
Faa 5A2-5CB DOPC Cholesterol DMG-PEG | 11447% | 0273+
50/50 10/10 38.5/38.5 1.50/1.50 273 0111 | 1:33+368 | 68.87+222
F35 5A2-5C8 DOPC Cholesterol DMG-PEG 8074+ | 0151¢ 303 | gaorri11s
30/39 15/20 30.0/39.22 1.50/1.96 0.79 0.062 6.55 B84+l
F36 5A2-5C8 DOPC Cholesterol DMG-PEG 9653+ | 0210z FL66E | oo 702042
40/44 20/22 30.0/32.97 1.00/1.10 4.42 0.100 6.56 76£2.
F37 5A2-SC8 DOPC Cholesterol DMG-PEG 89.84 + 0.156 + +1.07 + 8107 +3.08
40/38 15/14 45.0/43.27 4.00/3.85 0.99 0.055 3.10 073,
Fa8 5A2-5C8 DMPC Cholesterol DMG-PEG | 11889 | 0264=
50/50 10/10 38.5/38.5 1.50/1.50 0.74 0109 | “4-21+061 | 80.08+158
F39 5A2-5C8 DMPC Cholesterol DMG-PEG | 101.26% | 0168+ B305% | goon e 101
40/38 15/16 38.5/40.53 1.50/1.58 1.40 0.078 401 2541
F20 5A2-5C8 DMPC Cholesterol DMG-PEG | 12699+ | 0280= W035E | oo
40/39 20/20 40.0/39.41 1.50/1.48 4.79 0.113 155 562,
Fa1 5A2-5C8 DMPC Cholesterol DMG-PEG 9672+ | 0213% 050 | g2 o+ 10
30/39 15/20 30.0/39.22 1.50/1.96 2.00 0.097 178 591
F42 5A2-SC8 DPPC Cholesterol DMG-PEG
11321+ | 0262+ +1.86 +
50/50 10/10 338.50.0/38.5 1.50/1.50 > 202 o 78.73+7.23
F13 5A2-5C8 DPPC Cholesterol DMG-PEG | 12876+ | 0260=
45/42 20/19 40.0/37.56 1.50/1.41 112 0109 | 0-52%337 | 67.47£588
Fa4 5A2-SC8 DPPC Cholesterol DMG-PEG 92.73 + 0.163 +
40/44 15/16 35.0/38.25 1.50/1.64 4.5 0.069 | 3°8+467 | 7314+251
Fa5 5A2-5C8 DPPC Cholesterol DMG-PEG 9783+ | 0221z 380 | g3 70290
30/41 10/14 30.0/41.10 3.00/4.11 4.92 0.097 7.64 703,
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F46 DLin-MC3- HSPC Cholesterol DMG-PEG
DMA 10/10 38.5/38.5 1.50/1.50 10234+ | 0.183+ TS 51654316
- 3.46 0.077 134
Fa7 DLin-MC3- HSPC Cholesterol DMG-PEG
DMA 15/16 35.0/36.27 1.50/1.55 9117+ | 0193+ *6.01+ | 59034460
e 6.51 0.083 5.30
Fa8 DLin-MC3- HSPC Cholesterol DMG-PEG
DMA 2018 45.0/40.54 1000090 | 1438 | 0dr2x 526,701 | 8963376
e 2.38 0.082
F49 DLin-MC3- HSPC Cholesterol DMG-PEG
DMA 15/16 45.0/46.63 1.50/1.55 10015+ | 0.193+ ¥219% | 5o 874151
e 7.74 0.089 122
F50 5A2-5C8 HSPC Cholesterol DMG-PEG | 11575+ | 0218+ w016+ | g = oo
50/50 10/10 38.5/38.5 15/1.5 5.52 0.128 5.02 736,
F51 5A2-5C8 HSPC Cholesterol DMGPEG | 11569% | 0224% | oo .o | 73.25%
40/41 15/16 40.0/41.45 1.50/1.55 3.69 0.105 ATE3. 1034
F52 5A2-5C8 HSPC Cholesterol DMG-PEG 9816+ | 0195% 445+ 7042 +
35/43 15/18 30.0/36.81 1.50/1.84 3.00 0.073 6.34 12.96
F53 5A2-5C8 HSPC Cholesterol DMG-PEG | 11566+ | 0217+ 417+ 68.96 *
30/35 20123 35.0/40.46 1.50/1.73 6.16 0.086 8.99 12.99

Table S1: Detailed description of the 53 formulations of the combinatorial hLIPA mMRNA-
LNPs library. The composition of each lipid is given in molar ratio and molar percentage. The
values of Size, PDI, encapsulation efficiency, and zeta potential are the average and standard
deviations from 3 independent repeated production of each formulation.

Porg Ratio Paq Flow rate [mL/min]
200 1 200 4.11.38+0.22
200 1.1 220 6.63+0.28
200 1.2 240 7.1940.36
200 1.3 260 7.540+05
200 1.4 280 7.71+0.01
200 15 300 8.37+0.48
400 1 400 9.25+0.22
400 1.1 440 10.1740.45
400 1.2 480 11.46+0.18
400 1.3 520 15.12+05
400 14 560 16.34+1.45
400 1.5 600 19.374£2.56

Table S2: Microfluidic set up. Gradual increase of the pressure and yielded flow rate used for
the optimization of the microfluidic mixing. The highlighted cells represent the chosen setup for
the microfluidic mixing. Data show mean = SD, n=3.
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Formulations FO1 F23 F27 F30 F46 F50
Total Area 20.19+0.441 | 41.43+£0.9615 | 20.19+0.4441 | 10.87+£0.5285 | 15.98+1.003 | 20.46+0.7635
5 .

?gtg‘; \‘jﬁonf'dence 19.31 to 21.06 | 39.54 to 43.31 | 19.31 to 21.06 | 9.838 to 11.91 | 12.01 to 16.94 | 17.96 to 22.95
Table S3: Area under the curve of mMRNA-induced LAL activity of the formulations
assessed in the in vitro kinetic analysis.

Formulations PBS FO1 F23 F27 F50

Total Area (Liver)

0.000 1.645%0.2228 | 3.917+0.2823 | 1.213+0.2591 | 1.757+0.3559

Total Area (Spleen)

0.000 4,195+1.236 | 3.902+0.7724 | 4.513+0.5608 | 4.169+1.066

Total Area 0.000 5.84+£0.456 | 7.819x0.327 | 5.726+0.785 | 5.926+0.642

Table S4: Area under the curve of mMRNA-induced LAL activity in healthy mice of selected
MRNA-LNP formulations. The values represent the MEAN £ SD of 3 AUC profiles per
formulation.

Formulations PBS F01,0.5pg/g | F23,0.5pg/g | F01,1.0pg/g | F23,1.0pg/g
Total Area (Liver)

0 5.25+2.309 | 7.75%+1.225 | 10.92+11826 | 19.08+1.155
Total Area (Spleen)

0 7.083+1.368 | 14.073+1.093 | 16.183+2.281 | 24.393+1.666
Total Area 0 12.3334£2.546 | 21.823+£1.906 | 27.103+2.451 | 43.473+3.782

Table S5: Area under the curve of mRNA-induced LAL activity in LAL” mice.

represent the MEAN + SD of 3 AUC profiles per formulation.

The values
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Liver Cholesteryl esters Triglycerides Phospholipids + Free Fatty Acids
LIPIDMaps Designation WT+Blank conc. LAL+Blank conc. LAL"+F23 conc WT+Blank conc. LAL+Blank conc. LAL"+F23 conc WT+Blank conc. LAL"+Blank conc. LAL"+F23
[nmol/mg], n=9 [nmol/mg], n=9 [nmol/mg], n=10 [nmol/mg], n=9 [nmol/mg], n=9 [nmol/mg], n=10 [nmol/mg], n=9 [nmol/mg], n=9 conc[nmol/mg], n=10

C14:0 Myristic acid n.d. 0.55+0.211 0.5+0.11 0.29 + 0.24 0.28 + 0.0823 0.28 £ 0.091 0.05+0.017 0.09 + 0.034 0.09 + 0.02
C15:0 Pentadecanoic acid n.d. 0.34 +0.13 0.28 + 0.0696 0.90 + 0.0308 0.12 £ 0.0195 0.1 +0.021 0.06 + 0.008 0.06 +0.012 0.06 + 0.011
C16:0 Palmitic acid n.d. 25.11+ 4.14 15.67 + 5.067 11.98 + 5.06 11.92 + 2.05 10.80 + 2.036 14.06 + 1.026 10.70 + 1.214 11.92 +£1.182
C16:1n7 Palmitoleic acid 0.06 + 0.042 414+ 0.12 3.38 £ 0.648 0.78 £ 0.501 1.48 £ 0.397 1.10 £0.191 0.24 + 0.057 0.21 +0.064 0.27 £ 0.076
C17:0 Margaric acid 0.12 + 0.01546 1.87 £ 0.6791 0.87 + 0.3796 0.15 + 0.067 0.45 + 0.0766 0.38 £ 0.073 0.40 + 0.051 0.28 + 0.039 0.31 + 0.029
Cl17:1 cis-10-Heptadecenoic acid n.d. 0.54 +0.1597 0.56 + 0.095 0.09 +0.0390 0.19 + 0.0395 0.16 + 0.026 0.06 + 0.006 0.05 + 0.006 0.05 + 0.004
C18:0 Stearic acid 1.28 +1.61 6.778 £1.778 3.92 + 0.5071 0.96 + 0.3913 3.02 +0.332 2.29 +0.2244 17.57 £2.74 11.48 +1.674 12.50 £ 1.26
C18:1n9 Oleic acid 1.96 £1.91 84.09 + 15.18 64.03 +10.30 20.35+10.74 41.27 +9.15 28.44 + 5.46 7.08 +0.58 8.06 + 0.874 8.81 + 1.003
C18:1n7 Cis-vaccenic acid 0.04 + 0.0051 2.54 + 0.6821 1.94 +0.3810 0.61 +0.2711 1.64 +0.47 1.12+0.16 0.94 + 0.099 0.98 + 0.181 1.09 +0.161
C19:0 Nonadecanoic acid n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
C18:2n6 Linoleic acid n.d. 215+ 3.64 13.64 £ 5.04 14.43 £ 6.29 16.73 £ 2.074 1497 £2.774 10.46 +1.240 5.28 + 0.549 6.52 + 0.811
C18:3n6 gamma-Linoleic acid n.d. 0.25+0.101 0.28 +£0.1808 1.65 +1.2881 1.58 + 0.3857 1.13+£0.125 0.51 + 0.097 0.15 +0.024 0.22 +0.042
C18:3n3 alpha-Linolenic acid n.d. 1.96 + 1.2323 0.66 + 0.2763 1.82 £0.9974 5.57+£1.03 3.20 £ 0.641 0.24 +0.048 0.11 £ 0.023 0.13 +£0.028
C18:4n3 Stearidonic acid n.d. n.d. n.d. 0.99 + 1.09 0.35 + 0.099 0.33 + 0.086 0.04 + 0.032 nd, n.d.
C20:2n6 Eicosadienoic acid n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
C20:3n9 Mead acid n.d. 0.03 £ 0.0121 0.04 + 0.0198 0.01 + 0.0064 0.17 + 0.0599 0.12 + 0.033 0.03 +£ 0.011 0.05 + 0.011 0.06 + 0.02
€20:3n6 Dihomo-gamma-Linolenic cid n.d. 0.05 + 0.0282 0.06 + 0.0471 0.05 + 0.0186 0.40 + 0.088 0.3 +0.039 0.41 +0.080 0.27 +0.051 0.37 +0.068
C20:3n3 Eicasatrienoic acid (ETE) n.d. n.d. n.d. n.d. n.d. n.d. 0.04 + 0.003 n.d. n.d.
C20:4n6 Arachidonic acid n.d. 0.27 £0.128 0.18 + 0.2011 0.17 £ 0.0795 2.34 £ 0.4467 1.49+£0.274 0.99 +£0.177 1.93 +0.147 2.21+£0.214
C20:4n3 Eicosatetraenoic acid (ETA) n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
C20:5n3 eicosapentaenoic acid n.d. n.d. n.d. 0.05 + 0.0232 0.11 + 0.0359 0.08 + 0.024 0.05 +0.013 0.02 + 0.005 0.03 + 0.004
C22:5n3 DPA n.d. 0.01 +£0.0011 n.d. 0.08 + 0.0306 0.08 + 0.0280 0.08 + 0.030 0.08 + 0.019 0.08 £ 0.015 0.1+0.02
C22:6n3 Docosapentaenoic Acid n.d. 0.05 + 0.0066 0.03 + 0.0095 0.38 + 0.1499 1.41+0.4231 0.73 £ 0.206 2.82 +0.264 1.37 +0.347 2.02 + 0.396
€20:0 Avrachidic acid nd. 0.08 + 0.0272 0.08 + 0.0162 0.03 * 0.0156 0.07 £ 0.0119 0.06 + 0.012 0.09 +0.041 0.05 + 0.006 0.06 + 0.016
C22:0 Behenic acid n.d. n.d. n.d. n.d. n.d. n.d. 0.33 +£0.0127 0.24 £ 0.0072 0.23 + 0.080
Cc22:1 Erucic acid 0.01 £ 0.0029 0.04 £ 0.0067 0.03 £ 0.0091 0.02 + 0.0048 0.04 £ 0.0052 0.04 + 0.009 0.02 + 0.002 0.04 + 0.006 0.02 £ 0.011
C24:0 Lignoceric acid n.d. 0.02 + 0.0012 n.d. n.d. 0.02 + 0.0029 0.02 + 0.002 0.23 + 0.061 0.24 +0.049 0.20 + 0.060
C24:1 Nervonic acid n.d. 0.04 £ 0.0221 0.05 +0.043 n.d. 0.03 + 0.009 0.03 + 0.009 0.30 + 0.058 0.77 £ 0.159 0.63 + 0.206
€26:0 Ceratic acid n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

Table S6: Targeted lipidomic analysis of hepatic samples from the efficacy study. Cholesteryl esters (CEs), triglycerides (TGs), and
phospholipids + free fatty acids (PLs+FFAs) fractions were obtained by the separation of the liver lipid extracts of LAL”+Blank (n=9),
LAL7+F23 (n=10), and WT+Blank (n=9) mice. The values depict the average + SD for each species in the associated cohort. N.d.: not

detected.
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Spleen Cholesteryl esters Triglycerides Phospholipids + Free Fatty Acids
LIPIDMaps Designation WT+BIlank conc. LAL-/-+Blank conc. LAL-/-+F23 conc WT+BIlank conc. LAL-/-+Blank conc. LAL-/-+F23 conc WT+BIlank conc. LAL-/-+Blank conc. LAL-/-+F23
[nmol/mg], n=9 [nmol/mg], n=9 [nmol/mg], n=10 [nmol/mg], n=9 [nmol/mg], n=9 [nmol/mg], n=10 [nmol/mg], n=9 [nmol/mg], n=9 conc[nmol/mg], n=10

C14:0 Myristic acid nd. 0.11 +0.03 0.05 +0.02 nd. 0.08 +0.04 0.05 +0.01 0.06 + 0.007 0.12 +0.044 0.1+0.0213
C15:0 Pentadecanoic acid n.d. 0.03 +0.004 n.d. n.d. 0.01 +0.001 n.d. 0.04 + 0.008 0.05 + 0.009 0.05 + 0.00659
C16:0 Palmitic acid nd. 1.96 +0.31 0.83 +0.33 0.74+04 1.65+0.3 0.95+0.19 6.41 + 0.904 8.03 +0.989 7.93 £ 0.575
C16:1n7 Palmitoleic acid nd. 0.29+£0.12 0.12 +£0.04 0.07 +0.042 0.18 +0.05 0.11 + 0.04 0.07 +0.012 0.11 + 0.022 0.11 + 0.022
C17:0 Margaric acid n.d. 0.06 +0.03 0.03 +0.02 n.d. 0.07 +£0.01 0.03 +£0.01 0.11 +0.016 0.12+0.111 0.12 +0.011
C17:1 cis-10-Heptadecenoic acid n.d. 0.06 + 0.01 0.04 + 0.002 n.d. 0.04 +0.01 0.03+0.01 n.d. n.d. n.d.
C18:0 Stearic acid nd. 0.19 +0.03 n.d. nd. 0.17 +£0.04 nd. 1.54 +0.185 1.87 +0.2286 1.91 + 0.2460
C18:1n9 Oleic acid nd. 7.01+1.73 3.37+1.02 1.40 + 1.00 5.61+0.92 3.33+143 2.61 + 0.360 5.03 + 0.3152 3.98 + 0.4840
C18:1n7 Cis-vaccenic acid n.d. 0.2+0.05 0.11+0.03 0.06 +0.02 0.16 +£0.03 0.12 +0.05 0.35 + 0.058 0.53 0+ .0515 0.49 + 0.04585
C19:0 Nonadecanoic acid n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
C18:2n6 Linoleic acid n.d. 1.73 +0.88 0.75+0.25 0.42 +0.253 2.23+1.01 1.23+0.73 1.78 £ 0.324 2.28 +0.2945 1.96 + 0.3682
C18:3n6 gamma-L.inoleic acid n.d. 0.01 +0.002 0.01 + 0.002 0.01 £ 0.002 0.02 + 0.004 0.02 £ 0.004 0.01 £ 0.002 0.02 + 0.0034 0.02 £ 0.0055
C18:3n3 alpha-Linolenic acid n.d. 0.03 £0.01 0.02 + 0.004 0.02 + 0.005 0.06 +0.01 0.04 £ 0.007 0.02 £ 0.004 0.02 + 0.002 0.02 £ 0.0023
C18:4n3 Stearidonic acid n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
C20:2n6 Eicosadienoic acid n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
C20:3n9 Mead acid n.d. n.d. n.d. n.d. 0.01 + 0.003 n.d. 0.01 £ 0.002 0.01 + 0.0033 0.01 £ 0.0021
C20:3n6 Dihomo-gamma-Linolenic cid n.d. 0.02 £0.01 0.01 +0.002 0.02 + 0.002 0.06 +0.02 0.03 +0.011 0.19 +0.041 0.25 +0.0255 0.27 +0.0380
C20:3n3 Eicasatrienoic acid (ETE) n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
C20:4n6 Arachidonic acid n.d. n.d. n.d. n.d. 0.29 +0.08 0.12 + 0.054 1.00 + 0.253 1.42 +0.1526 1.26 £ 0.149
C20:4n3 Eicosatetraenoic acid (ETA) n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
C20:5n3 eicosapentaenoic acid n.d. n.d. n.d. 0.01 +0.003 0.01 + 0.005 0.01 +0.001 0.01 + 0.002 0.01 +0.002 0.01 +0.0015
C22:5n3 DPA n.d. n.d. n.d. 0.01 +0.002 0.01 + 0.003 0.01 £ 0.005 0.04 +0.008 0.04 + 0.0078 0.04 £ 0.0098
C22:6n3 Docosapentaenoic Acid n.d. n.d. n.d. 0.02 + 0.006 0.07 £ 0.016 0.05 + 0.021 0.17 £ 0.021 0.22 +0.0371 0.23 +0.0425
C20:0 Arachidic acid n.d. n.d. n.d. 0.02 + 0.003 0.03 +£0.011 0.02 + 0.002 0.06 + 0.002 0.07 +£0.0197 0.06 + 0.0106
C22:0 Behenic acid n.d. n.d. n.d. n.d. n.d. n.d. 0.09 + 0.016 0.13 +0.0298 0.11 + 0.0147
C22:1 Erucic acid n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
C24:0 Lignoceric acid n.d. n.d. n.d. n.d. n.d. n.d. 0.12 + 0.022 0.24 + 0.0667 0.19 + 0.0340
C24:1 Nervonic acid n.d. n.d. n.d. n.d. n.d. n.d. 0.18 + 0.043 0.34 + 0.0896 0.29 + 0.0409
C26:0 Cerotic acid n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

Table S7: Targeted lipidomic analysis of splenic samples from the efficacy study. Cholesteryl esters (CEs), triglycerides (TGs), and
phospholipids + free fatty acids (PLs+FFAs) fractions were obtained by the separation of the spleen lipid extracts of LAL”+Blank
(n=9), LAL"+F23 (n=10), and WT+Blank (n=9) mice. The values depict the average + SD for each species in the associated cohort.

N.d.: not detected.
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