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AUC,,g, area under the concentration-time curve to the last measurable concentration
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DMSO, dimethyl sulfoxide

HPLC-RAD, high-performance liquid chromatography with radioactivity detection
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HRMS, high-resolution mass spectrometry
IV, intravenous

LNP, lipid nanoparticle

mRNA, messenger ribonucleic acid

MS, mass spectrometry

NHP, nonhuman primate

NTFIX, non-translating Factor IX

PEG, polyethylene glycol

PK, pharmacokinetic

RNA, ribonucleic acid
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ABSTRACT

The emerging therapeutic modality of lipid nanoparticle (LNP)-encapsulated mRNAs has
demonstrated promising clinical results when used as vaccines and is currently being tested in
formulations for a wide range of targeted chronic disease treatments. These therapeutics are
multicomponent assemblages of well-characterized naturally occurring molecules in addition to
xenobiotic molecules, whose in vivo distributions are poorly understood. Here, the metabolic
outcome and in vivo elimination of Lipid 5, a key xenobiotic amino lipid in LNP formulations,
were assessed after intravenous administration of '*C-labeled Lipid 5 to Sprague Dawley rats.
Intact Lipid 5 was predominantly cleared from plasma within 10 h after dosing, with only small
quantities (<1% of C dose) of a single diacid metabolite detected after 10 h. Lipid 5 was rapidly
metabolized via ester hydrolysis into aliphatic alcohols and diacidic amino head group moieties,
which were further metabolized via -oxidation. Overall, >90% of the administered Lipid 5-
derived '*C was recovered in urine (65%) and feces (35%), predominantly as oxidative
metabolites, within 72 h after dosing, indicating rapid renal and hepatic elimination. In vitro
metabolite identification after incubation with human, nonhuman primate, and rat hepatocytes
showed similar metabolites to those found in vivo. No meaningful differences were observed in
Lipid 5 metabolism or elimination by sex. In conclusion, Lipid 5, a critical amino lipid
component of LNPs for mRNA therapeutic delivery, showed minimal exposure, rapid

metabolism, and near-complete elimination of '*C metabolites in rats.
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SIGNIFICANCE STATEMENT

Lipid 5 is a key component of lipid nanoparticles used for the delivery of mRNA-based
medicines; understanding the rates and routes of its clearance is crucial to assessing its long-term
safety in LNP technology. This study conclusively established the rapid metabolism, and near-
complete elimination of intravenously administered ['*C]Lipid 5 in rats via both liver and kidney

as oxidative metabolites derived from ester hydrolysis and subsequent B-oxidation.
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INTRODUCTION

RNA represents a novel and expanding class of human therapeutic modalities. The
demonstration that RNAs may be protected from degradation in vivo by encapsulation in lipid
nanoparticles (LNPs) and that these LNPs can effectively deliver biologically active RNAs into
target cells has enabled them to be adapted for use as human therapeutics (Berraondo et al.,
2019; Foster et al., 2019; Gan et al., 2019; Zhang et al., 2019). Because RNA sequences are
unique and can recognize specific complementary nucleic acid sequences, specifically interact
with proteins, or be translated into specific proteins within cells, they may be designed with
exquisite selectivity to target a range of molecular disease mechanisms. LNPs typically consist of
multiple components, including an ionizable lipid, a phospholipid, a sterol, and a PEG-lipid
(Hassett et al., 2019). These molecular components are initially distributed as intact particles but

may have separate metabolic outcomes after the LNP delivers its RNA payload.

Therapeutic mnRNAs pose additional design challenges related to their large size (10°—
10° Da), in vivo distribution, and the productive delivery of LNP-encapsulated mRNA into target
cells for therapeutic protein translation (Patel et al., 2017). Studies have demonstrated that
mRNA biodistribution generally aligns with that of other assessed LNP components (Ci et al., in
preparation). Notably, such observations stem from studies of mRNA-containing LNPs as acute
treatments or as vaccines. Consequently, any safety concerns regarding the distribution of LNP
components have been addressed in alignment with guidance for acute dosing (FDA, 2013).
However, because mRNA-containing LNPs are being considered for the treatment of chronic
conditions and use in various clinical subpopulations (e.g., pediatric or renally- and hepatically-

impaired individuals), further understanding how LNP components are processed, including how
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they influence mRNA delivery and therapeutic protein expression, can influence predictions of

exposure and risk.

It has generally been assumed that LNP components are processed and eliminated via
endogenous pathways based on their biochemical classification (e.g., lipid or RNA). Although
therapeutic mRNAs include modified uridine to avoid innate immune stimulation (Nelson et al.,
2020), this modification is naturally occurring and its use has not been linked to any specific
safety concerns (EMA, 2021). Additionally, the inactivation of therapeutic mRNAs via endo-
and exonuclease activity has been established (Steinle et al., 2017; Hou et al., 2021). Naturally
occurring lipids such as cholesterol, and cholesterol esters, in non-native particles (e.g., LNPs)
are expected to be biologically processed similar to their endogenous analogs. Lipid and
cholesterol esters that combine naturally occurring molecules with well-known xenobiotic lipids
(e.g., PEGs) via labile linkages also appear to be processed as individual components after
primary metabolism via hydrolysis (Webster et al., 2007). Lipid 5, a xenobiotic amino lipid used
in mRNA-encapsulating LNPs is comprised of an ethanolamine ionizable head group with
primary ester-containing lipid tails (Sabnis et al., 2018). However, exposure to these xenobiotic
LNP components (Ci et al., in preparation), their processing after hydrolysis, and the appropriate
means to assess these metabolites remains an area of active research and discussion.

Although the outcome of naturally occurring LNP components may be reliably described
by endogenous physiological processes, the predicted behavior and in vivo interactions of
xenobiotic portions of LNP components, such as Lipid 5, remain unknown. Here, the in vivo
metabolic outcome and elimination of Lipid 5 were determined in Sprague Dawley rats, a well-
established preclinical pharmacokinetic (PK) and absorption, distribution, metabolism, and

excretion (ADME) model.
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MATERIALS AND METHODS

Reagents. The heptadecan-9-yl 8-((2-hydroxyethyl) (8-(nonyloxy)-8-
oxooctyl)amino)octanoate (Lipid 5) used in the studies described here was synthesized as
described previously (Sabnis et al., 2018) with '*C at the proximal carbon of the ethanolamine
aliphatic chain that was linked to the tertiary nitrogen and purified to 95% chemical (99%)
radioactivity for incorporation into LNPs. ['*C]Lipid 5-containing LNPs that encapsulated a
single, nontranslating Factor IX (NTFIX) mRNA were formulated as described previously
(Sabnis et al., 2018).

In Vitro Model. Lipid 5-containing LNPs encapsulating NTFIX mRNA were incubated
in the presence of pooled, cryopreserved human (5 males/5 females), male non-human primate
(NHP), or male rat hepatocytes (10° cells/mL in William’s E medium supplemented with
GlutaMAX-1 (2 mM) and HEPES (0.1 mM) in 0.250-mL incubation volume) at 10 mM
encapsulated mRNA at 37 °C in the presence of 95% relative humidity and 5% CO, for up to
240 min compared to incubations with heat-inactivated hepatocytes. The reactions were
terminated by the addition of an equal volume of acetonitrile and centrifuged (920%g for 10 min
at 10 °C) to recover the supernatant for metabolite identification. 7-Ethoxycoumarin (500 uM,
final concentration) was used as a positive control substrate to evaluate the metabolic
competency of the hepatocytes.

Animal Model. Two groups of six male and six female adult (8-10 weeks, 250 g — 350 g)
Sprague Dawley rats (FVC) were dosed via 10 min IV infusion with ['*C]Lipid 5-containing
LNP encapsulating a single, NTFIX mRNA (Eurofins, St. Louis, MO) at 2 mg/kg (3.3 mL/kg).
All research involving animals was conducted at Charles River Laboratories (CRL) in

accordance with CRL-Mattawan and Moderna, Inc. Animal Care and Use Committee guidelines.
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Sample Preparation. Plasma samples were prepared from serial bleeds collected from
unanaesthetized animals at either 0.083, 0.5, 2, 6, 24, and 48 hours post dose or 0.25, 1, 4, 10,
36, and 168 hours post dose (3 males /3 females) per subgroup. Plasma samples were processed
by protein precipitation with a 6% volume of acetonitrile:methanol (1:1). After centrifugation, the
pellets were extracted again with acetonitrile:methanol (1:1). The supernatants were combined
and concentrated to dryness by vacuum centrifugation. The residues were reconstituted in
400 pL dimethyl sulfoxide (DMSO) followed by 800 uL acetonitrile/isopropanol and 800 uL.
water. Urine samples were prepared from urine specimens collected before dosing and 0-8 h, 8-
24 h, and 24-168 h after dosing by combining equal percentages of each sample by weight.
Samples were analyzed directly by high-performance liquid chromatography with radioactivity
detection/high-resolution mass spectrometry (HPLC-RAD/HRMS). Fecal homogenate pools
were prepared from homogenized samples collected before dosing and 0—8 h, 824 h, 2448 h,
48-72 h, and 168 h after dosing. Aliquots of each pool, 2 g each, were extracted with 10 mL
acetonitrile;isopropanol (1:1). After centrifugation, the pellets were extracted again with
acetonitrile:isopropanol (1:1). The supernatants were then combined and concentrated to dryness
in a vacuum centrifuge at 40 °C. The residues were reconstituted in 400 L. DMSO, followed by
the addition of 800 pL acetonitrile:isopropanol (1:1) and 800 puL water.

Cages were rinsed with deionized water at 24, 48, 72, 96, 120, 144, and 168 hours post
dose with an additional rinse including 1% TSP at 168 h post dose. Following the final excreta
collection and final cage rinse with 1% TSP, the interior aspect of each cage was wiped with a
gauze sponge. Cage wipes were extracted overnight in deionized water and the total sample
weight determined. Following thorough mixing, these samples were aliquoted in triplicate for

radioactivity analysis by liquid scintillation counting (LSC).
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HPLC-RAD and Mass Spectrometry Detection. Radio-HPLC analyses were
performed using an Agilent 1200 ultra-performance liquid chromatography system (Agilent
Technologies Inc., Santa Clara, CA) with a 96-well Collect PAL fraction collector (Leap
Technologies, Carrboro, NC). Radioactivity in the effluent was monitored using an IN/US j-
Ram Model 5B Radio-HPLC detector (LabLogic, Tampa, FL) with continuous flow through a
500-pL cell. Prior to entering the radioactive flow detector, the column effluent was mixed with
Ultima-Flo M scintillation cocktail (PerkinElmer, Waltham, MA) at a rate of 1.6 mL/min.
Radiochromatograms were integrated by manually selecting peaks substantially above baseline
using the Laura™ software package (LabLogic Systems Inc., Tampa, FL). Chromatography was
performed on an Kinetix XB-C-18 column, 4 pm particle size, 4.6 x 150 mm (Phenomenex Inc.,
Torrance, CA) at 40 °C. Mobile phase A consisted of formic acid (0.1% v/v) in water, whereas
mobile phase B consisted of formic acid (0.1% v/v) in acetonitrile:isopropanol (1:1, v/v.).
Gradient elution was used at a flow rate of 1 mL/min and was split after column with 80%
diverted to radiodetector and 20% to the mass spectrometer.

Orbitrap Mass Spectrometry. Positive ion detection mode was employed on an LTQ
Discovery XL mass spectrometer (Thermo Fisher, Waltham, MA). The electrospray ionization
source parameters were as follows: spray voltage, 4.0 kV; capillary temperature, 400 °C; source
heater temperature, 400 °C; sheath gas, 40 arbitrary units; auxiliary gas, 10 arbitrary units; sweep
gas, 5 arbitrary units. Full scan data were collected at 15,000x resolution. Targeted tandem mass
spectrometry experiments were performed during subsequent injections using collision-induced
dissociation at a collision energy of 25 eV. Data were acquired using Xcalibur software (version

2.1; Thermo Fisher, Waltham, MA).
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RESULTS

In Vitro Metabolite Identification. Incubation of Lipid 5 with rat, NHP, and human
hepatocytes led to the development of four metabolites, namely, monoacid and diacid
ethanolamine head group metabolites resulting from ester cleavage of the fatty acid chains and
diacid head group metabolites with the aliphatic acid chain shortened by four carbons (Figure 1).
The monoacid forms include the branched chain with the straight chain eliminated. Two diacid
metabolites were identified with either full-length (eight-carbon) linkers or with one linker being
shortened by four carbons. Based on these results, the '*C that was on the ethanolamine aliphatic
chain linked to the tertiary nitrogen allowed tracking of the head group portion of the molecule
for subsequent in vivo analysis (Figure 1).

Pharmacokinetics and Mass Balance. Plasma '*C levels after IV infusion of [14C]Lipid
5-containing LNPs encapsulating NTFIX mRNA (2 mg/kg) decreased rapidly within the first 6 h
after dosing (T}, = 8.42-9.04 h); plasma 1C levels were <0.1% of Crax Within 24 h and persisted
in low levels before reaching trace levels by 48 h after dosing (Figure 2A). Analysis of plasma
PK data suggested the presence of an initial distribution phase followed by a single-phase
terminal clearance. While modestly higher Cmax and AUC values were determined for females
in this study, the male and female exposures follow the same time course and the numbers
observed are within the acceptable range of data variability indicating that no meaningful
differences by sex were observed in either the extent or dynamics of exposure. After a single [V
administration of a therapeutic LNP of identical composition but containing unlabeled Lipid 5,
the plasma concentration of unlabeled Lipid 5 decreased to <1% of its Cpax value within 24 h

after dosing (Ty, = 1.4 h; Fig. 2B), similar to PK observed when using [*C]Lipid 5. Accounting
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for the estimated 7.5% [14C]Lipid 5 relative to total Lipid 5, the AUC\,s value in this study
(352,000 ng/mL*h) was also comparable to that for the therapeutic LNP (522,000 ng/mL*h).

Feces and urine collected from the same animals were analyzed for radioactivity (Figure
3). After 168 h, >90% of the administered radioactivity was recovered in feces and urine. Most
radioactivity was recovered in urine (61.8% =+ 4.0%) within the first 24 h after dosing, with
42.9% =+ 6.6% recovered within the first 8 h. Total fecal radioactivity was slightly higher in
females (25.0% + 1.6%) than males (20.4% + 1.8%), with 18.4% =+ 2.0% and 16.2% =+ 3.4%
recovery within the first 48 h in males and females, respectively.

In Vivo Metabolite Identification. Plasma, urine, and fecal samples from the mass
balance study in Sprague Dawley rats were analyzed for the presence of ['*C]Lipid 5
metabolites. The structures of the most abundant metabolites, including all metabolites that
represented at least 10% of the dosed [14C]Lipid 5 (M5, M7, M10-M14, M17, and M18), were
determined. The structures of less abundant metabolites (M1-M4, M6, M8, M9, M15, and M16)
were not determined. At 1 h after dosing, plasma contained mainly Lipid 5 and diacid ester
hydrolysis metabolites with either no further carbon chain shortening (M14) or a four-carbon
chain-length reduction in one linker (M11) (Fig. 4). Additionally, monoacidic [14C]Lipid 5
metabolites containing the branched aliphatic chain with either no further carbon chain
shortening (M18) or a four-carbon chain-length reduction in the straight chain linker (M17) were
detected. By 10 h after dosing, no intact Lipid 5 was detected in plasma, and the only [*C]Lipid
5 metabolite detected was the diacid with a four-carbon chain-length reduction in both chain
linkers (M5) (Figure 4).

No intact Lipid 5 was detected in urine at either the 0—8 h or 8-24 h postdose intervals

(Figure 5A). A number of diacid [14C]Lipid 5 metabolites were detected in urine from both
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males and females at similar relative amounts at the earlier time interval (M5-M7 and M9—
M14); however, by 8-24 h after dosing, urine from both males and females contained three
predominant diacid metabolites: the hydrolyzed ester metabolite with no further carbon chain
shortening (M14), a four-carbon chain-length reduction in one linker (M11), and a four-carbon
chain-length reduction in both linkers (MS5; Figure SA). Also, the relative amounts of the three
diacids shifted toward the smaller M5 metabolite in the later sample pool.

No metabolite identification data were obtained for fecal samples before 8 h after dosing
due to the low level of radioactivity present in these samples. By 824 h after dosing, no intact
['*C]Lipid 5 was detected in feces, and the predominant species present were the diacids with
either no further carbon chain shortening (M14) or a four-carbon chain-length reduction in one
linker (M11; Figure 5B). The monoacidic [14C]Lipid 5 metabolites containing the branched
aliphatic chain with either no further carbon chain shortening (M18) or a four-carbon chain-
length reduction in the straight chain linker detected in plasma and the diacid with a four-carbon
chain-length reduction in both linkers (M5) detected in urine were also identified in feces.
Additionally, metabolites with masses consistent with hydrolysis of the branched aliphatic chain
with (M15, m/z = 502.3727 [C,7H51NO5]) and without B-oxidation (M16, m/z = 530.4048
[C29HssNO7]) were detected at chromatographic retention times consistent with monoacid
identification. However, due to their low *C abundance, structural determination from the
samples was not performed. No differences by sex were observed in these fecal metabolite

profiles.
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DISCUSSION

LNP-encapsulated mRNAs are a promising, novel class of therapeutics. LNPs consist of
multiple components, with the lipids exerting a significant influence on the in vivo distribution
and productive cellular delivery of encapsulated mRNAs. The lipid components of the LNP
consist of both naturally occurring and xenobiotic chemicals. The in vivo disposition of the
naturally occurring molecules follow the routes established for their endogenous counterparts. In
this study, using well-established, quantitative drug metabolism and PK techniques, LNPs
containing '*C-labelled Lipid 5 were administered to rats, and ['*C]Lipid 5 outcome was
monitored over time. In vitro metabolite identification using human, NHP, and rat hepatocytes
indicated that the metabolism and elimination of a critical LNP component followed established
ADME principles and were predictable by applying in vivo biochemical understanding based on
its chemical structure.

Rational assessment of the probable sites of Lipid 5 metabolism suggested that the esters
linking the single and branched aliphatic chains would be labile and the liberated aliphatic
alcohols oxidized to fatty acids and processed accordingly. Because the potential outcome of the
ethanolamine linker portion of the molecule was less clear, the '*C radiolabel was incorporated
on that portion of the molecule to assist in tracking its metabolism and elimination. In vitro
incubation with human, NHP, and rat hepatocytes resulted in ester hydrolysis of both straight and
branched aliphatic chains and four-carbon shortening of the acid linker to the liberated straight
chain in all species tested. The absence of a straight chain monoacidic metabolite and the
presence of both monoacid and diacid metabolites with four-carbon shortening of the straight
chain linker indicates that the branched chain ester was more biochemically stable than the

straight chain ester and that linker shortening occurred after ester hydrolysis, likely via 3-
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oxidation (reviewed in (Houten and Wanders, 2010)). No metabolism on the ethanolamine
portion of the Lipid 5 head group was identified; thus, adding the "C label on the ethanolamine
provided a robust reporter of the entire Lipid 5 head group in vivo.

After the administration of [14C]Lipid 5-containing LNPs containing NTFIX mRNA to
Sprague Dawley rats, Lipid 5 monoacid and diacid metabolites and intact Lipid 5 were rapidly
detected in plasma. Levels of all '*C species decreased rapidly over 24 h after dosing with no
detectable Lipid 5 and only one diacid, shortened-linker metabolite (M5) detected in plasma after
10 h. Note that the persistence of low level radioactivity in plasma from 12 to 48 h after dosing
compared to the rapid loss of intact Lipid 5 in the unlabeled Lipid 5 study is consistent with the
appearance of Lipid 5 metabolites after the rapid disappearance of intact Lipid 5 in circulation.
In vivo detection of the monoacid metabolites (M17 and M18) indicates that the straight chain
ester was more rapidly hydrolyzed than the branched chain ester, similar to observations made
from in vitro studies. These monoacids that are pathway intermediates in generating the shorter
monoacidic and di-acidic metabolites seen across genders were detected only in female rats at
the 1 h post dose timepoint, suggesting differential hydrolysis rates between female and male
rats. However, the modest number of animals included in this experiment caution against
overinterpreting minor differences between sexes. Additionally, the alignment of the identities
and levels of diacid metabolites at 1 h and 10 h after dosing as well as the very similar metabolite
identities and levels seen in excreta provide no evidence for mechanistic differences in Lipid 5
metabolism between males and females. The presence of diacid metabolites M14 and M11 in
plasma at 1 h after dosing and M5 at 10 h after dosing suggested that, following ester hydrolysis,
-oxidation occurred in a stepwise fashion on each linker independently. Also, four-carbon

chain-length reduction to four-carbon acids on the headgroup linkers appears to be the primary
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terminal metabolic product. Finally, while metabolite M5 was present at 10 h after dosing, after
Lipid 5 was no longer detectable, pharmacokinetic monitoring of total '*C demonstrated little
residual radioactivity by 24 h after dosing, indicating that Lipid 5-derived material did not persist
at significant levels in circulation beyond one day.

Radiolabeled material in urine from males and females in both the 0—8 h and 8-24 h post
dose pools included only diacid metabolites, with no detectable monoacid metabolites or intact
Lipid 5, indicating that only small, highly charged species were eliminated via the kidneys. The
chemical stability of Lipid 5 in urine was confirmed to ensure that the lack of Lipid 5 detected in
urine did not result from chemical hydrolysis in the samples (data not shown). The mass balance
data demonstrate that these diacid metabolites represent elimination of most Lipid 5 headgroup
material in urine and that Lipid 5 excretion occurred predominantly within the first 24 h after
dosing. Although the highly polar metabolites M1-M4 were detected in urine at low levels, they
were not detected in plasma, indicating that they did not contribute to systemic exposure by
Lipid 5 metabolites, and their structures were not elucidated. While the presence of metabolites
in urine not detected in plasma may result from uniquely renal metabolism, they may also result
from Lipid 5 diacid metabolites formed outside of the kidneys that were rapidly renally
eliminated, reducing their circulating levels below the level of detection.

Feces contained a broader range of metabolites, including larger, more lipophilic
monoacids but no detectable intact Lipid 5. The major monoacid metabolites resulted from
straight aliphatic chain ester hydrolysis with and without subsequent linker -oxidation but did
not include monoacids with hydrolysis of the branched aliphatic chain. These results
demonstrated that the straight chain ester was sufficiently more biochemically labile than the

branched chain ester and allowed for linker B-oxidation and secretion into bile before the
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branched chain was hydrolyzed. Minor metabolite peaks (M15 and M16) at reverse-phase HPLC
retention times between those of the branched chain-containing monoacids and diacids with full-
length eight-carbon linkers (M14) had masses consistent with hydrolysis of the branched chain,
indicating the existence of monoacidic metabolites with the straight chain intact. These data align
with the conclusion that monoacid metabolites with either aliphatic chain cleaved were present
and that the straight chain was more susceptible to hydrolysis, as would be expected based on
steric considerations. Several diacidic metabolites were also present in feces (M5, M11, M13,
and M14) and displayed various degrees of linker 3-oxidation with no evidence of metabolism
beyond four-carbon linkers (M5) and no evidence of metabolism on the ethanolamine portion of
the headgroup. Applying similar logic to that for M15 and M16 based on bracketed reverse-
phase HPLC retention times, M10 could represent another diacidic species present in feces.
However, structural elucidation was not performed due to its low abundance so this hypothesis
cannot be confirmed.

Lipid 5 introduced as a component of mRNA-containing complex LNP was extensively
metabolized and the resulting oxidative metabolites were efficiently eliminated via hepatic and
renal routes within 24 h of IV administration. The primary routes of Lipid 5 metabolism were
consistent with rational predictions based on its chemical structure and probable interactions with
common biochemical pathways. The absence of detectable Lipid 5 in both feces or urine and the
highly polar nature of the circulating and secreted metabolites does not support the proposal that
Lipid 5 elimination occurs as part of intact LNPs but rather that it occurs after metabolism and
secondary distribution of these polar metabolites, independent of the administered LNP.

Mass balance analysis showed that >80% of radioactivity was recovered in urine and

feces within 24 h after dosing and >90% within 168 h, almost exclusively as hydrolytic and (-
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oxidative metabolites, which indicates that these excreted metabolites represent the bulk of the
dosed ["*C]Lipid 5. The identities of these metabolites were consistent with expectations based
on established biotransformation pathways for Lipid 5 in isolation, indicating that established
biotransformation principles for small molecules may be applied to the prediction of the
metabolic outcomes of LNP component lipids. The renal elimination of small, diacid Lipid 5
head group metabolites via renal and a broader cross-section of monoacid and diacid metabolites
via the liver were consistent with established principles for small molecule elimination via these
routes (Varma et al., 2009; Varma et al., 2012). Therefore, metabolism and elimination
principles that are well-established for small molecules may be applied in predicting the in vivo
disposition of LNP-delivered Lipid 5.

In summary, this study provided experimentally sensitive '*C-labeling strategies for
monitoring Lipid 5 metabolism and elimination using both in vitro hepatocytes and in vivo rat
models. The experimental design also provided assessment of sex-based differences on Lipid 5
metabolism and elimination. Data presented here suggest that the mRNA encapsulating LNPs do
not persist in vivo and that the novel amino lipid component, Lipid 5, is efficiently cleared by
multiple, well-established routes. The metabolites identified in circulation and excreta are
consistent with biotransformation via ubiquitous, high-capacity pathways shared by rodents, non-
human primates, and humans already established for similar small molecules, suggesting that
Lipid 5 metabolism is not influenced by LNP delivery. The application of ADME principles
established for small molecules to accurately predict the in vivo disposition of Lipid 5 by
pathways consistent with its chemical identity alone suggests that these principles may be
applied more generally to the components of these complex biotherapeutics. This study provides

further evidence for the safe use of LNP technology for the delivery of mRNA-based medicines.
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FIGURE LEGENDS

Figure 1. Lipid 5 metabolite identification scheme. Metabolites included those with >1%
abundance relative to dose in plasma, urine, or feces. Lipid 5 and all metabolites identified in
vitro after incubation with human, NHP, and rat hepatocytes (all metabolites were detected in all

three species) are identified by the designation “heps.”

Figure 2. Plasma profiles of ['*C] Lipid 5 and unlabeled Lipid 5 after IV administration of ['*C]
Lipid 5 or unlabeled Lipid 5-containing LNPs to Sprague Dawley rats at 2 mg/kg. (A)'*C after
single-dose IV administration of ['*C]Lipid 5-containing LNPs or (B) unlabeled Lipid 5-
containing LNPs to Sprague Dawley rats. Mean values =+ standard deviation are represented by
squares (males) and circles (females). SD, single dose.

*Earliest time point taken in the study.

Figure 3. Excreta mass balance of '*C recovered in male and female rats. (A) urine pooled 0—8
and 8-24 h after dosing including the 24 h post dose cage rinse, (B) feces pooled 0-8, 824, 24—
48, and 48-72 h after dosing and (C) total urine and feces pooled including cage rinse and wipe

within 168 h after dosing.

Figure 4. Relative quantitation of ['*C]Lipid 5 and related metabolites detected in rat plasma.
['*C]Lipid 5 and related metabolites in rat plasma at 1 and 10 h after dosing. Proposed f-
oxidation (blue) and ester hydrolysis (red) pathways are shown between parent and daughter

chemical species.
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Figure 5. Relative quantitation of ['*C]Lipid 5 and related metabolites detected in rat urine and
feces*. (A) [14C]Lipid 5 and related metabolites in rat urine pooled 0—8 and 8-24 h after dosing.
1 and 10 h after dosing; and (B) ["*C]Lipid 5 and related metabolites in rat feces pooled 8-24 h
after dosing. Proposed B-oxidation (blue) and ester hydrolysis (red) pathways are shown between
parent and daughter chemical species.

*Only sample pools containing significant radioactivity were assessed and therefore, no analysis

was performed on the fecal material collected at 0—8 h after dosing.
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Figure 3
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Figure 5
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