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lonizablelipids largely determine the biocompatibility of lipid

nanoparticles (LNPs) and the efficacy for mRNA delivery. Rational design

and combinatorial synthesis have led to the development of potent

and biodegradable ionizable lipids, yet methodologies for the stepwise
optimization of ionizable lipid structure are lacking. Here we show that
iterative chemical derivatization and combinatorial chemistry, andin
particular the amine-aldehyde-alkyne coupling reaction, can be leveraged
toiteratively accelerate the structural optimization of propargylamine-based
ionizable lipids (named A*-lipids) to improve their delivery activity and
biodegradability. Through five cycles of such directed chemical evolution,
we identified dozens of biodegradable and asymmetric A*lipids with delivery
activity comparable to or better than abenchmarkionizable lipid. We then
derived structure-activity relationships for the headgroup, ester linkage and
tail. Compared with standard ionizable lipids, the lead A*-lipid improved the
hepatic delivery of an mRNA-based genome editor and the intramuscular
delivery of an mRNA vaccine against SARS-CoV-2. Structural criteria for
ionizable lipids discovered via directed chemical evolution may accelerate
the development of LNPs for mRNA delivery.

Messenger RNA (mRNA)-based therapeutics and vaccines are revolu-
tionizing modern medicine approaches to treat or prevent diseases.
Therecent approval of three lipid nanoparticle (LNP)-based RNA drugs
(Patisiran, mRNA-1273 and BNT162b2) and continuing advances in LNP
technologies for mRNA therapeutics/vaccines and clustered regu-
larly interspaced short palindromic repeats (CRISPR) gene editing
have sparked great interest in this safe and effective non-viral vector'*.
The conventional LNP formulation comprises four components:ion-
izable lipids, phospholipids, cholesterol and polyethylene glycol
(PEG)-conjugated lipids. An ionizable lipid typically consists of an
amino headgroup and two (or more) alkyl tails that are connected by

linkers, which plays a pivotal role in protecting and transporting RNA
cargo®*. Under acidic LNP formulation conditions, ionizable lipids
are protonated and switched to a positively charged state, allowing
for complexation with and encapsulation of anionic RNA molecules.
At physiological pH, ionizable lipids remain neutral, thereby circum-
venting charge-related toxicity and improving the pharmacokinetic
profile of LNPs. Following cellular uptake, the acidic environment of
the endosome facilitates the protonation of ionizable lipids, leading
to endosomal escape and release of mMRNA.

Notably, ionizable lipids govern not only the potency but also
the biocompatibility of LNPs. Therefore, current research focuses on
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a A° coupling reaction and its mechanism
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Fig.1| A>-coupling reaction and activity- and degradability-driven directed
chemical evolution of A*-lipids. a, The reaction scheme and mechanism

of A*-coupling. An alkynyl-Cu intermediate is formed, which reacts with in

situ produced iminiumion originated from aldehyde and amine to forma
propargylamine with concomitant regeneration of the Cu” catalyst. b, A workflow
of activity- and degradability-driven directed chemical evolution of A*-lipids. The
process starts with a pilot library of A*lipids established using readily available
starting materials. After screening and analysis, the selected A*lipid is used
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as the starting point for subsequent rounds of rationale-driven, customized,
site-directed ‘mutagenesis’ and selection, which gradually improves the desired
activity and biodegradability over multiple iterations. This directed chemical
evolution approach enables accelerated discovery of desired ionizable lipids and
valuable design criteria. The desired A*lipids comprise two ionizable nitrogens,
an amino-diacid motif, two 2° esters and pseudo-three tails with an asymmetric
tail structure.

development of ionizable lipids withimproved activity and biodegra-
dability. lonizable lipids are conventionally synthesized via medicinal
chemistry or combinatorial chemistry. The medicinal chemistry
approachinvolves rational design and multistep organic synthesis of
ionizable lipids, guided by the putative in vivo mechanism of action
and empirical structural criteria®. The US Food and Drug Administra-
tion (FDA)-approved DLin-MC3-DMA (MC3) is arepresentative ioniz-
able lipid developed on the basis of this approach>. Although this
approachensures a high success rate to generate desirable lipid can-
didates, itis limited by laborious, low-throughput synthesis, making it
difficult to create structurally diverse lipids and systematically inves-
tigate structure-activity relationships (SARs). The combinatorial
chemistry approach typically involves one-pot synthesis of ionizable
lipids based on highly efficient two-component reactions or multi-
component reactions (MCRs)” ™. It enables rapid, high-throughput
synthesis of structurally diverse lipids, yet it suffers from a low hit
rate for lipids with both high potency and biodegradability due to
limitations regarding readily available starting materials”®. Combin-
ing medicinal chemistry-based rational design of optimal building
blocks with combinatorial chemistry-based high-throughput synthe-
sis exploits the advantages of both approaches to generate desired
ionizable lipid structures>". However, this combined approach is
still highly dependent on user’s empiricism and trial-and-error prac-
tices, motivating the development of a rationale-driven and step-
wise method to structurally optimize ionizable lipids with desired
properties.

Directed evolutionis a powerful technique used in both chemistry
and biology to engineer orimprove molecules and biological systems
with desired properties by mimicking the principles of natural evolu-
tion in a controlled environment™ . This process involves iterative
rounds of mutation, screening and selection to optimize the desired
traits or functions®™. We hypothesized that the principles of directed

evolution could be harnessed toaccelerateionizable lipid development
withimproved activity and biodegradability.

Inthis study, we propose a directed chemical evolution approach
fortheaccelerated, rationale-driven, iterative structural optimization
of ionizable lipids based on an innovative combinatorial chemistry—
A? (amine-aldehyde-alkyne) coupling (Fig. 1a). First, we generated
a pilot library of propargylamine-based ionizable lipids (termed
A*-lipids) using commercially available starting materials and then
screened these lipids for their mRNA delivery efficacy (Fig. 1b). The
top-performing A*-lipid with favourable structures/traits was used as
the starting point for the subsequent round of rationale-driven, cus-
tomized, site-directed ‘mutagenesis’and selection, gradually improv-
ing potency and biodegradability over multiple iterations. After five
rounds of directed chemical evolution, we discovered dozens of bio-
degradable, asymmetric A*lipids with potencies reaching or surpas-
singanindustry standard ionizable lipid and identified key structural
criteriadictating their in vivo mRNA delivery efficacy. Finally, we dem-
onstrated the enhanced performance of our lead A*lipid relative to two
FDA-approvedionizablelipids, in both mRNA-based gene editing and
vaccine applications. We anticipate that our directed chemical evolu-
tion methodology and discovered structural criteria can accelerate
the development of desirable ionizable lipids for mRNA delivery from
potential years to months or even weeks.

Results

Generating A*-lipids viacommercially available starting
materials

Thethree-component coupling of anamine, analdehyde and analkyne,
commonly known as A*>-coupling, has been established as a one-pot,
convenient and general approach towards propargylamine deriva-
tives”. This reaction can be performed under ambient, solvent-free con-
ditions with good tolerance of many functional groups (for example,
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Fig.2| Combinatorial synthesis and screening of A*lipidsin Library 1.

a, Combinatorial synthesis of A>lipids via A>-coupling of commercially available
amines (1-30), formaldehyde (a) and alkynes (A-F). A representative synthesis of
11(aB), through A*-coupling twice is shown. b, In vitro mLuc expression in a heat
map. Data are presented as mean (n = 2independent biological replicates, initial

screening). HepG2 cells were treated with mLuc-loaded LNPs at an mRNA dose of
15 ng per well for 24 h. RLU, relative light unit. Untreated cells typically exhibited
<100 RLU. ¢, Distribution of A*lipids with in vitro mLuc expression >2,000 RLU
across alkyne structure.

alcohols, carboxylicacids and esters)'®. A*>-coupling is atom economi-
cal and eco-friendly with water as the only by-product’®. Moreover,
depending on the amine and aldehyde used, symmetric dipropargy-
lamines or asymmetric monopropargylamines can be synthesized,
which increases the structural diversity of the products. Therefore,
A3-couplingisanideal combinatorial chemistry reaction forionizable
lipid synthesis.

Since A*-coupling has never been adapted for synthesizing ioniz-
ablelipids, we first established a pilot library of 180 A*-lipids to evalu-
ate the potential of this reaction using commercially available amines
(1-30), formaldehyde (a) and alkynes (A-F) (Fig. 2a). Notably, excess
aldehyde and alkyne were used to enable repeated A*-coupling to
produce tertiary (3°) amine-based A3-lipids (Supplementary Fig. 1).
We noticed that aromatic alkynes (A-C) typically gave moderate yields
(-50%), whereas aliphatic alkynes (D-F) typically gave poor yields
(<10%). This observation is consistent with previous studies, where
aliphatic alkynes were found to be less efficient in forming dipropar-
gylamines compared with aromatic alkynes'®*°.

We next proceeded to test the in vitro mRNA delivery efficiency
of 90 A*lipids derived from aromatic alkynes due to their practical

yields (Fig.2b). Invitro testing, which has been widely used to screen
large libraries of crude ionizable lipids”'?, allows us to preliminarily
identify promising lipid candidates, exclude inefficacious ones and
understand SARs in a time- and resource-efficient manner. Crude
A*-lipids were formulated into A>LNPs along with other standard lipid
excipients and firefly luciferase mRNA (mLuc). HepG2 cells (ahuman
hepatocellular carcinoma cell line) were treated with A>LNPs at alow
mRNA dose (15 ng per well) to avoid potential cytotoxicity (Supple-
mentary Fig.2). Among the A>-lipidsin this library, amine 11-derived
symmetric 11(aB), demonstrated the highest transfection, and its
analogues (thatis, 11(aA), and 11(aC),) also showed some transfection
(>100 RLU, Fig. 2b). Notably, the alkyl substituent on the aromatic
alkyne greatly affected mRNA transfection, and the elongation of
the alkyl substituent appeared to increase the delivery efficiency
(Fig.2c). Through this pilot study, we quickly validated the feasibility
of A>-coupling to produce ionizable lipids and the potential of amine
11-based A*lipids for mRNA delivery. However, the lead A*lipid 11(aB),
is not optimal for in vivo mRNA delivery applications since it is not
biodegradable and contains relatively short tails compared with
FDA-approved ones"®.
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Fig. 3| Optimization of symmetric A*lipids with biodegradable alkynes in
Library 2 and asymmetric A>-lipids with long-chain aldehydes in Library 3.

a, Biodegradability-driven directed chemical evolution of A*lipids starting from
11(aB),. Cleavable ester linkers were introduced into 11(aB), and 6 biodegradable
symmetric A>lipids with linear or branched tails were generated. b, In vitro mLuc
expression. HepG2 cells were treated with mLuc-loaded LNPs at an mRNA dose
of 15 ng per well for 24 h. Data are presented as mean + s.d. (n = 3 independent
biological replicates). Statistical significance was evaluated using one-way
ANOVA with Tukey’s correction. ¢, In vivo mLuc expression. Mice were i.v.
injected with mLuc-loaded LNPs at an mRNA dose of 0.1 mg kg ™. Images were
takenat 4 h post treatment and whole-body total flux was quantified. Dashed
lines indicate the levels of 11(aB), LNP and MC3 LNP, respectively. Data are

presented asmean +s.d. (n =3 independent biological replicates). Statistical
significance was evaluated using one-way ANOVA with Tukey’s correction.

d, Correlation betweenin vitro and in vivo mLuc expression. Statistical significance
was evaluated using two-tailed correlation analysis in GraphPad Prism 8.0.

e, Asymmetry-driven directed chemical evolution of A*lipids starting from 11(aL),.
The optimized ionizable head structure (highlighted in grey) and one alkynyl tail
L were maintained, while along-chain aldehyde was introduced as another tail to
generate asymmetric A>-lipid. f, In vivo mLuc expression. Mice were i.v. injected
withmLuc-loaded LNPs at an mRNA dose of 0.1 mg kg ™. Images were taken at 4 h
post treatment and whole-body total flux was quantified. Data are presented as
mean +s.d. (n =3 independent biological replicates).

Mutating symmetric A>-lipids viabiodegradable alkynes

Onthebasis of the highin vitro transfection efficacy, we chose 11(aB),
as the starting point for iterative directed chemical derivatization to
optimize the structure. Inthis cycle, we considered both efficacy and
biodegradability, since biodegradable ionizable lipids are highly pre-
ferred forin vivo mRNA delivery’. Therefore, we introduced cleavable
ester linkersinto the tail region of A*lipids by customizing six aromatic
alkynes (G-L) via a one-step esterification reaction (Supplementary
Method1andFig.3a).G,land K were aromatic alkynes with elongated

linear alkyl substituents, while H,J and L were their branched counter-
parts. Branched alkynyl tails were included since branching allows the
ionizable lipid to adopt amore cone-shaped structure that is beneficial
for endosomal escape and mRNA delivery? 2,

Thesix customized biodegradable A*-lipids (11(aG),-11(aL),, Sup-
plementary Fig. 3) were purified (Supplementary Fig. 4) and tested
for in vitro and in vivo mLuc delivery. With increasing tail length and
branching, A*lipids generally showed increased in vitro transfection
efficacy (Fig.3b and Supplementary Fig. 5), but their in vivo activities
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were disparate (Fig. 3¢). Linear 11(aG), and 11(aK), showed limited
invivo transfection efficacy that was similar to that of 11(aB),, presum-
ably due to their low and high lipophilicity, respectively. Branched
A*lipids generally outperformed their linear counterpartsbothinvitro
andinvivo, apart from11(aJ), which showed slightly lowerin vivo activ-
ity than11(al),. 11(aL), witha symmetric structure and two biodegrad-
able branched tails was identified as the lead A*-lipid in this library
with the highest in vivo mRNA delivery efficiency. After analysing the
relationship betweenin vitro and in vivo results, we found a poor cor-
relation (Fig. 3d), which has also been observed by others®. Therefore,
only the in vivo mRNA delivery efficiency of A*lipids was examined in
subsequent directed chemical evolution cycles.

Mutating asymmetric A3-lipids vialong-chain aldehydes

While the lead 11(aL), achieved awhole-body total flux of 4.2 x 108 p s,
itdid notreachthetransfectionlevel ofthe industry standard lipid MC3,
which has been predetermined to be -1.0 x 10° p s (Fig. 3¢). Previous
studies have suggested that asymmetric ionizable lipids with two dif-
ferentalkyl tails are prone to show betterin vivo delivery efficacy than
their symmetric analogues®?. It is hypothesized that asymmetric
tails lower the packing density, mitigate the crystallization tendency
andincrease the fluidity of the lipid bilayer*”. Therefore, for the next
round of directed chemical evolution, we maintained the optimized
ionizable head structure and alkynyl tail L (tail one) while mutating the
aldehyde (tail two) to generate asymmetric A*lipids.

Notably, owing to the flexibility of A*-coupling, asymmetric
Alipids can be easily synthesized from an amine, a long-chain alde-
hyde and a long-chain alkyne via A>-coupling once. To maintain the
optimizedionizable head structure, we used a secondary (2°) amine 31
(amethyl derivative of amine 11) to ensure that only 3° amines exist in
the A*lipid structure (Fig. 3e). Three commercially available long-chain
aldehydes (b-d) were used to establish a pilot library of asymmetric
A*lipids to verify our hypothesis (Supplementary Fig. 6). Excitingly,
all three A*lipids (31bL-31dL) slightly surpassed the in vivo perfor-
mance of MC3, with 31cL identified as the lead lipid (Fig. 3f). These data
demonstrate the merit of anasymmetric A*lipid structure. Moreover,
asymmetric A*lipids appear to have good tolerability of aldehydes as
both aliphatic and aromatic ones can afford potent A*lipids.

We also synthesized an asymmetric, 2° amine-containing A*-lipid
11bL viaA*>-coupling once of amine 11, aldehyde b and alkyne L (Supple-
mentary Fig. 6). However, 11bL neither outperformed MC3 lipid nor its
3° amine-containing analogue 31bL (Fig. 3f). Due to the scope of this
study, we focused subsequent rounds of directed chemical evolution
on the asymmetric, 3° amine-based A*lipids.

Mutating asymmetric A>-lipids viabiodegradable aldehydes
and alkynes

Inspired by our findings on asymmetric A*lipid performance, we fur-
ther optimized amine 31-based asymmetric A*lipids by introducing
biodegradability into the aldehyde structure and diversifying the tail
structures. Inthis cycle of directed chemical derivatization, five biode-
gradable aromatic aldehydes (e-i) with linear or branched structures
were synthesized viaa one-step esterification reaction (Supplementary
Method 1and Fig. 4a). Here we chose aromatic aldehydes for two rea-
sons: first, they canbe easily prepared; second, the benzylic structure

is indicated to enhance the stability of LNP through intermolecular
1t - 1estacking®. Similarly, we synthesized six additional biodegradable
alkynes (M-R) with linear or branched structures. Notably, we diversi-
fied these aldehydes and alkynes using different lengths of branch chain
(forexample, hvsi) and ester orientation (for example, Mvs Q) to study
their SARs. Through combinatorial synthesis, 35 asymmetric A*lipids
were generated in this library (Fig. 4a and Supplementary Fig. 7). In
contrastto Library1, here we found that aliphatic alkynes (M-R) gave
moderate yields (-50%) similar to that of the aromatic alkyne L, likely
because only asingle A*-coupling reaction was required to afford these
monopropargylamine products.

After screening the in vivo mLuc delivery activity of Library 4, we
identified eight asymmetric A>lipids with transfection efficacy greater
thanthat of MC3 lipid (Fig. 4a and Supplementary Fig. 8). Specifically,
four asymmetric A*-lipids (31iN, 31i0, 31gP and 31 hP) facilitated more
than 5-fold greater luciferase expression relative to MC3, with 31hP
identified as the top-performer (8-fold higher). Of note, all these four
A*lipids comprise anamino-diacid motif, two 2° esters and two major
tailswith onelongbranchtail (pseudo-three tails). Deviating from these
structural criteria generally led to reduced in vivo activity (Fig. 4a).
The potency of our lead A*lipids is supported by previous studies
that have shown that (1) 2° esters show slower degradation than pri-
mary ones, prolonging the availability of the mMRNA-LNP complex*>?;
(2) branched tail structures allow the ionizable lipid to adopt a more
cone-shaped structure for enhanced endosomal disruption®?’; (3)
negatively charged carboxylates attached to the ionizable headgroup
canneutralize the positive charge, facilitating accelerated dissociation
of the mRNA-LNP complex and release of mRNA™,

Mutating the headgroup of asymmetric A*-lipids

With the optimal linker and tail structure identified, we revisited the
ionizable headgroupin our final cycle of directed chemical evolution.
We mutated the headgroup while maintaining the optimal tail region
as ‘hP’, and screened 26 additional 2° amines with only one active site
(-NH-) for the A*-coupling reaction (Fig. 4b and Supplementary Fig.9).
These structurally diverse amines contain different numbers (0-2) of
ionizable nitrogens. To the best of our knowledge, most of these amines
have not been previously tested.

In this library, we discovered 11 more asymmetric A*lipids that
reached the transfection efficacy of MC3 lipid (Fig. 4b). However, none
of these A*-lipids surpassed the potency of 31hPincluding the lead 32hP,
suggesting the superiority of amine 31 for mRNA delivery. Interestingly,
two ionizable nitrogens occurred in all potent A*lipids (31-42 hP), but
this feature alone was not adequate to afford potent ones (for example,
43hP,45-49hP). A>lipids with oneionizable nitrogen (51hP, 54-57hP)
or three ionizable nitrogens (44hP, 50hP and 52hP) were inferior for
in vivo mRNA delivery, which may be a detrimental consequence of
dramatically changed polarity.

After five cycles of activity- and biodegradability-driven
directed chemical evolution of A*-lipids, we identified 31hP as the
top-performing ionizable lipid (characterization data in Supplemen-
tary Figs. 4,10 and 11). Notably, throughout this process, we found that
31hPLNP and other potent A*-LNPs predominantly transfected the liver
upon intravenous (i.v.) administration, which is consistent with MC3
LNP and the majority of LNPsreported intheliterature (Supplementary

Fig.4 | Optimization of biodegradable tails and headgroups for asymmetric
A-lipidsin Libraries 4 and 5. a, Optimization of biodegradable tailsin
asymmetric A>lipidsin Library 4. A total of 35 asymmetric A>-lipids were
combinatorially synthesized via A>-coupling of amine 31, 5 biodegradable
aldehydes (e-i) and 7 biodegradable alkynes (L-R). A representative synthesis
of 31hP through A-coupling is shown. Mice were i.v. injected with mLuc-loaded
LNPs at an mRNA dose of 0.1 mg kg '. Images were taken at 4 h post treatment
and whole-body total flux was quantified. Data are presented as mean (n =3
independent biological replicates). b, Screening of ionizable headgroup

inasymmetric A*lipidsin Library 5. A total of 26 asymmetric A*lipids were
combinatorially synthesized via A*-coupling of secondary amine (32-57),
aldehyde h and alkyne P. Mice were i.v.injected with mLuc-loaded LNPs at

an mRNA dose of 0.1 mg kg™'. Images were taken at 4 h post treatment and
whole-body total flux was quantified. Data are presented asmean + s.d. (n =3
independent biological replicates). ¢, Structure (left) and in vivo mRNA delivery
activity (right) of lead A*lipid in each library. Data are presented as mean + s.d.
(n=3independent biological replicates). Statistical significance was evaluated
using one-way ANOVA with Tukey’s correction.
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Table 1| Summary of five cycles of activity- and degradability-driven directed chemical evolution of A3-lipids

Library Design rationale Favourable structure/trait Lead A3-lipid No. of degradable Activity (ps™)
linkers

1 Commercial availability and diversity of  Amine 11; longer alkyl substituent 11(aB), 0 (1.5+0.2)x10°
building blocks

2 Length, branching and Alkyne L; branched tail 1(aL), 2 (4.2+0.7)x108
biodegradability of tail

3 3° amine; asymmetry and commercial Amine 31; asymmetric tails 3lcL 1 (1.9£0.4)x10°
availability of tail

4 Biodegradability and branching of tail;  Tail region ‘hP’; an amino-diacid motif; 31hP 2 (8.0+2.4)x10°
ester orientation two 2° esters; pseudo-three tails

5 Diversity of headgroup; number of Two ionizable nitrogens 32hP 2 (5.1+1.4)x10°

ionizable nitrogens

Data are presented as meanzs.d. (n=3 independent biological replicates).

Fig.12). Moreover, we confirmed that 31hP could be rapidly degraded
in the presence of esterase owing to two biocleavable ester bonds
(Supplementary Fig. 13), which exhibited improved biodegradabil-
ity compared with MC3 and comparable biodegradability relative to
SM-102 (an asymmetric ionizable lipid with similar ester orientation
and pseudo-threetailsto our 31hthatis usedin Moderna’s mRNA-1273
vaccine). It is worth mentioning that, during this process, we ration-
ally designed the following library on the basis of the lead A*-lipid and
favourable structures/traits identified in the last library and introduced
proper ‘mutagenesis’, so we could direct the chemical evolution of
A¥lipids towards this desired outcome (Fig. 4c and Table 1).

Characterization of A>-LNPs

We next characterized the physicochemical properties of the
top-performing 31hP LNP formulated by microfluidic mixing (Fig. 5a).
The hydrodynamic size of 31hP LNP was ~80 nm with a polydispersity
index (PDI) of 0.093 and a neutral surface charge ({=-0.27 mV). The
mRNA encapsulation efficiency (EE) was determined to be ~93%. The
apparent pK, (acid dissociation constant) of LNP was determined to be
6.25 (Supplementary Fig.14). Owing toits ionization property, 31hP LNP
showed good haemocompatibility at pH 7.4 and increased haemolysis
at pH 6.0 (Supplementary Fig. 15). Cryogenic electron microscopy
(cryo-EM) imaging results showed that 31hP LNP had a dense spheri-
calstructure with alamellar shell and an amorphous core (Fig. 5b). To
investigate the key pathways governing the cellular uptake of 31hP LNP,
we performed aninternalizationinhibition studyin vitro (Fig. 5c). The
transfection efficacy was significantly reduced in the presence of ami-
loride or methyl-g-cyclodextrin (MB-CD), suggesting that the cellular
uptake of 31hP LNP is mainly facilitated through macropinocytosis and
lipid raft-mediated endocytosis.

We further evaluated the stability of 31hP LNP (Supplementary
Fig.16a-c). At 1week post storage at 4 °C, the hydrodynamic size and
PDI of 31hP LNP increased minimally, suggesting its good colloidal
stability. Moreover, the in vivo transfection potency of 31hP only mod-
erately decreased (Supplementary Fig. 16d,e). In comparison, both
MC3 LNP and SM-102 LNP showed increased size and PDI with a sub-
stantial decreaseininvivo transfection potency. Itis hypothesized that
the benzylic linker contributes to the assembly and stability of 31hP
LNP through intermolecular i -t stacking (Supplementary Fig. 17),
which have been utilized in the design of a stable one-component
nanoparticle mRNA delivery system?,

Delivering mRNA-based gene editors and vaccines using
A3-LNPs

Following characterization, we aimed to demonstrate the utility of
our A*lipids by delivering therapeutic mRNAs. The 31hP LNP was first
examined for the hepatic delivery of mRNA-based CRISPR gene editors,
which are much larger than mLuc (-2,000 nt) and are challenging to
deliverinvivo®. Four otherlead A*-LNPs (that s, 11(aB), LNP, 11(aL), LNP,

31cL LNP and 32hP LNP) selected from each library were also tested
to verify our directed chemical evolution approach, and liver-tropic
MC3 LNP was selected as the industry standard control LNP (Supple-
mentary Table 1). In a proof-of-principle study, we formulated LNPs
co-encapsulating Cas9 mRNA (-4,500 nt) and asingle guide RNA (sgRNA)
(100 nt) specificfor the transthyretin (TTR) gene, whichis implicated
in hereditary amyloidosis*. Asingleinjection of 31hP LNP co-delivering
Cas9 mRNA and TTR sgRNA at a total RNA dose of 1 mg kg™ achieved
~18% on-targeteditingatthe TTRlocusintheliverand~-30%serum TTR
reduction (Fig. 5d-f), which were significantly higher than those of MC3
LNPand other A>LNPs. Importantly, the TTR gene editing efficiency of
A3*LNPs correlated well with in vivo mLuc expression (Fig. 5g), proving
the rationale of our directed chemical evolution approach based on
mLucdelivery toimprove the activity of the ionizable lipid. We further
examined some inferior A>-LNPs (that s, 11(aK), LNP, 11bL LNP and 31hR
LNP) that were excluded during our directed chemical evolution as well
asanotherindustry LNP (thatis, LPO1LNP) containing abiodegradable,
asymmetric ionizable lipid LPO1 (Supplementary Table 1)*>. We found
that none of these LNPs outperformed 31hP LNP in terms of TTR gene
editingand serum TTRreduction (Supplementary Fig. 18), which further
demonstrated the superiority of our approach and 31hP.

Next, we investigated the hepatotoxicity of A3>-LNPs following
gene editing. Unlike 11(aB), LNP and 31cL LNP, A*-LNPs formulated
with A3lipids with two biodegradable tails (that is, 11(aL), LNP, 31hP
LNP and 32hP LNP) were well tolerated in mice, with no abnormal
increases in alanine transaminase (ALT) and aspartate aminotrans-
ferase (AST) at 24 h post treatment (Supplementary Fig. 19), dem-
onstrating the rationale of our approach to improve ionizable lipid
safety by introducing more biodegradable linkers. In particular, we
examined the hepatotoxicity of the degradation metabolite of 31hP
(thatis, 31hP-M, Supplementary Method 2 and Supplementary Fig.19)
as well as the immunotoxicity of 31hP LNP (Supplementary Fig. 20).
With no major toxicity observed, we confirmed a good safety profile
of 31hP LNP.

Finally, we evaluated 31hP LNP for mRNA vaccine applications.
Recently, the FDA approved the Moderna SARS-CoV-2 mRNA-LNP
vaccine that uses the SM-102 ionizable lipid. Therefore, we compared
the immunogenicity of SARS-CoV-2 Spike mRNA-loaded 31hP LNP
and SM-102 LNP after intramuscular (i.m.) vaccination (Fig. 5h). In a
standard prime-boost rodent vaccine model, 31hP LNP elicited a sig-
nificantly higher anti-Spike antibody titre than the SM-102 LNP vaccine
(Fig. 5i). Using alentivirus-based SARS-CoV-2 pseudovirus neutraliza-
tion assay, we further confirmed that 31hP LNP triggered a signifi-
cantly higher neutralization antibody titre than SM-102 LNP (Fig. 5j).
Notably, 11(aL), LNP, 31cL LNP and 32hP LNP triggered higher antibody
responses than SM-102 LNP as well. Interestingly, these A>LNPs and
31hP LNP enabled comparable protein expression to SM-102 LNP
in the muscle (Fig. 5k and Supplementary Fig. 21), suggesting that
other factors (for example, adjuvant effects) might contribute to the

Nature Biomedical Engineering | Volume 8 | November 2024 | 1412-1424

1418


http://www.nature.com/natbiomedeng

Article

https://doi.org/10.1038/s41551-024-01267-7

a b c P=0.0032
S 15 P=0.0052
f=
LNP 31hP LNP kel B %
@ 100
2 A
Size (nm) 79.3+5.1 s
2 754 %
PDI 0.093 b
3 50
Zete potential (mV) -0.27 +0.03 £
Q25+ o
EE (%) 929+15 E
ﬁ o T T T T T
pKa 6.25 23 ° @ @ o &
@‘o & 4 .%@ N
N <‘°~\° & & N
A Q"O ©
N
N
o
d e ) f _ P=00095
P=0.0067 P=0.0309
25 - P=00182 _. 407 P=0.0008
_ P=0.0043 S ——
. . Q — =
Cas9 mRNA/TTR sgRNA co-delivery (i.v.) E 0] ° s 307
3 i
4 8 15 3 207
o] 7  days [ 4 9]
L | — | x 10
. w5 10 =
Liver and seruml Pt — L
_ z | N % E o
Analysis T 5 i& 3
- Q
»
Ot dda—vyr—o=* . . -10 \ \ \ \ \ \ \
) Q Q Q Q Q Q
& & &8 QﬁQ Q»éz %ﬁq & \@ \& \/& <z® Q& fb&
S \W ~ D OV A0 & o O
&S S & @ S s
h i P <0.0024
25 P <0.0001
r=0.9748 10° P=0.0135
s P=0.0048 ) ) ) ;| P=0.0509
S 204 . SARS-CoV-2 Spike mRNA delivery (i.m.) o 10 L el asand .i *
8 Prime B ¢ £ 100 3 * | *x o
S 15 - 00s T
o % %X % 10° olo
E o 0O 1 2 3 4 5 Weeks 2 10°1
© L | | | | | o 3 |
%) * @ 10
o 5 Serum E 02 4
2 * l <
0«2 : ‘ ‘ ‘ ‘ Analysis 10" 1
0 |
0 2x10°  4x10° 6x10° 8x10° 1x10° 10 M o < < o e <
. @ & & & & &
Total flux (p s™) < & > > & &
&2 &2 A & o %@:\
. k P=0.9999 1 P=00056
! P<0.0071 —P=0'9140999 P=00169
<0 _ P=0.9995 T Siivus
P=0.0015 o e P> 0.9999 P=0.6025 T 10° o P=00041
10° 7 __P=00199 a ™ P=0.7847 4 P=0.0207
P=0.0683 o . jf z
o] gt fw] FOD TS T
o e * o 5 T g 107 -
o 10° I 5 P=0.4339 5
0 o .“Ci 10" >
% 07 A b pe =
© © 10° 7
x 6 |
10 =]
10' 1 E] = = I
© I
10° Akghk—VTY T T T T T o 10° T T T T T T L2 10° T T T T T T
) Q Q Q Q Q Q Q Q Q Q Q Q Q Q Q Q Q Q
@ F L F S S S ® &S R P S
v v ¢ X Q v 3 ¢ Q Y Y ) Q
\\\’& ,{\@/ ’b\ ’b\ ,.51‘,0 "o@l\ \\\%b \\@ ’b\ "5\\0 ,5’]‘9 "o‘\:\ ,{\\";b \\\‘Z’V 'b\ ’5\\0 Q;is\ Co@f\

significantly higherimmunogenicity of our A>-LNPs'*****_ Moreover,
these A>-LNPs mediated significantly less off-target expressionin the
liver relative to SM-102 LNP (Fig. 5I), which can potentially mitigate
adverse effects (for example, liver injury) associated with current
mRNA-LNP vaccines®.

Taken together, these results demonstrate the utility of our
activity- and biodegradability-driven directed chemical evolution
approach to optimize ionizable lipids towards a desired outcome.
Moreover, these results strongly support that 31hPisasuperiorioniz-
ablelipidrelative toindustry standardionizable lipids and holds great

promiseinthe systemic delivery of mRNA therapeutics and intramus-
cular delivery of mRNA vaccines.

Discussion

Althoughextensive efforts have been put into the development of ioniz-
ablelipidsthroughrational design and/or combinatorial synthesis, there
isalack of methods for stepwise, rational optimization of ionizable lipid
structure. In the majority of studies in the literature, researchers typi-
cally created a single library of ionizable lipids and investigated SARs.
lonizable lipids generated through this strategy are usually associated
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Fig. 5| Characterization of A>-LNP and its application in delivering mRNA-
based gene editors and vaccines. a, Physicochemical parameters of 31hP LNP
formulated by microfluidic mixing. Dataare presented asmean +s.d. (n=3
independent biological replicates). b, Arepresentative cryo-EM image of 31hP
LNP. Scale bar, 50 nm. ¢, Invitro transfection of 31hP LNP in the presence of
various endocyticinhibitors. Amiloride, an inhibitor of macropinocytosis;
chlorpromazine, aninhibitor of clathrin-mediated endocytosis; genistein, an
inhibitor of caveolae-mediated endocytosis; MB-CD, an inhibitor of lipid raft-
mediated endocytosis. Data are presented as mean +s.d. (n =3 independent
biological replicates). Statistical significance was evaluated using one-way
ANOVA with Tukey’s correction. d, A scheme of LNP-enabled co-delivery of Cas9
and TTRsgRNA. Mice were i.v. injected with LNPs encapsulating Cas9 mRNA/
TTRsgRNA (4:1, w/w) atatotal RNA dose of 1 mg kg ™. On day 7, DNA was extracted
from the liver to determine on-target indel frequency using NGS, and serum was
collected to determine TTR concentration using ELISA. e, Indels at TTR locus.
Data are presented as mean + s.d. (n = 3independent biological replicates).
Statistical significance was evaluated using one-way ANOVA with Tukey’s
correction. f, Serum TTR. Data are presented as mean + s.d. (n =3 independent

biological replicates). Statistical significance was evaluated using one-way
ANOVA with Tukey’s correction. g, Correlation between in vivo mLuc expression
and TTR gene editing efficiency. Statistical significance was evaluated using two-
tailed correlation analysis in GraphPad Prism 8.0. h, A scheme of LNP-enabled
delivery of SARS-CoV-2 Spike mRNA vaccine. Mice were vaccinated i.m. atadose
of 2 ug mRNA per mouse twice using a prime-boost strategy at a 3-week interval.
Serumwas collected at the indicated time points to determine anti-Spike IgG
titres and SARS-CoV-2 pseudovirus neutralization antibody titres. i, Anti-Spike
IgGtitres. Data are presented as mean + s.d. (n = 5independent biological
replicates). Statistical significance was evaluated using one-way ANOVA with
Tukey’s correction. j, SARS-CoV-2 pseudovirus NTs,. Data are presented as

mean +s.d. (n =Sindependent biological replicates). Statistical significance

was evaluated using one-way ANOVA with Tukey’s correction. kI, In vivo mLuc
expression following i.m. administration. Mice were i.m. injected with mLuc-
loaded LNPs at a dose of 2 pg mRNA per mouse. Images were taken at 4 h post
treatment and total flux at injection site (k) or liver region (I) was quantified. Data
are presented as mean + s.d. (n = 3 independent biological replicates). Statistical
significance was evaluated using one-way ANOVA with Tukey’s correction.

with suboptimal structures and properties, and further optimization
and iteration s typically conducted and reported years later in subse-
quent work. For example, Cullis and colleagues iterated on their first
reported ionizable lipid DODAP to DLin-KC2-DMA to MC3 and to L319
with increased potency and biodegradability in separate studies over
the course of 10 years>**>**, Similarly, Moderna developed lipid 5 to
lipid H (SM-102) and then to their newest lead candidate lipid 29 over
the course of several years?**%,

Directed evolution is a powerful, high-throughput engineer-
ing approach that has been successfully utilized to generate adeno-
associated viruses with enhanced transduction efficiency and tissue
tropism**°, Inspired by this, we hypothesized that directed chemical
evolution ofionizablelipids could be achieved through multiple rounds
ofrationale-driven, customized, site-directed mutation and selection
under the selective pressure of transfection efficacy and biodegrada-
bility. With the help of this methodology, we can guide ionizable lipid
evolution towards a desired outcome with a dramatically truncated
timeline from potential years to months or even weeks, in contrast to
the conventional paradigm forionizable lipids iterationin a prolonged
timeline and alow-efficiency manner.

In our study, this process began by creating a pilot library of
A*lipids using diverse, commercially available building blocks. We
conducted this pilot study to evaluate the feasibility, gather prelimi-
nary data and identify potential issues. In Library 2, we introduced
rationale-driven, customized, site-directed ‘mutagenesis’—biodegrad-
able ester linkers and branches—into the backbone of the selected
11(aB), lipid, leading to the identification of a biodegradable sym-
metric lipid 11(aL),. In Library 3, we introduced asymmetry into the
selected11(aL), lipidand created a pilot library of asymmetric A*-lipids
using commercially available long-chain aldehydes. After the suc-
cessful verification of our hypothesis about asymmetry, we further
expanded the diversity of asymmetric A*lipids in Library 4 by intro-
ducing rationale-driven, customized ‘mutagenesis’'—biodegradable
ester linkers, branches and aliphatic alkynes. In Library 5, we kept the
optimal tail region constant and mutated the headgroup using various
amines to further gain insights into this ionizable motif. Importantly,
this directed chemical evolution of A*-lipids can be continued on the
basis of varyingresearchinterests. For example, to investigate the posi-
tional effect of the ester linkage®**°, customized ester ‘mutagenesis’
canbeintroduced into different positions of the long-chain aldehydes
and alkynes. In addition, ionizable lipids containing 2° amines have
demonstrated superior in vivo activity in some studies”®, therefore,
we can also choose 11bL as the starting point for subsequent rounds
of directed chemical evolution to optimize A*-lipids with this trait.

Here, A*coupling was adapted to synthesize symmetric and
asymmetric ionizable lipids. We found this synthetic method to be a
particularly useful MCR to generate asymmetric ionizable lipids with

two distinct tails, which typically require laborious synthesis**"*2,

Moreover, the mild synthetic conditions, easily accessible building
blocks, good tolerance of functional groups and minimal by-products
make A3-coupling anideal combinatorial chemistry for ionizablelipid
synthesis. Inaddition, due to the nature of A*-coupling, all synthesized
A*lipids contain analkyne structure, which has been shown toincrease
the fusogenicity and endosomal escape of LNPs™>*. In this reaction, we
noticed that, compared with aromatic alkynes, aliphatic alkynes are
less efficient in synthesizing dipropargylamines but equally efficient
in synthesizing monopropargylamines. While the typical yield in our
currentsynthetic schemeis modestin most cases, increased yields are
expected when more efficient catalysts are used***.

Ourresultssuggest that asymmetric A*lipids tend to show higher
invivo transfection efficacy than symmetric ones (Library 2 vs Libra-
ries3and4), whichis supported by others*?**, Interestingly, several
industryionizable lipids (including SM-102 and LPO1) recently chosen
for clinical development are asymmetric, in contrast to the symmetric
tail structure of the early developed MC3 (ref. 1). We noticed that our
lead asymmetric A*lipids share some structural features, including
an amino-diacid motif, two ionizable nitrogens, two 2° esters and
pseudo-three tails. These A*lipids exhibit structural similarity to
industry ionizable lipids rather than many literature ones, where a
polyamine coreis typically attached to multiple alkyl tails”°. Our lead
31hP LNP exhibited higher stability and durability compared with
MC3 LNP and SM-102 LNP at refrigerator temperature, suggesting its
advantages in storage and transport. Moreover, 31hP LNP achieved
more efficient hepatic mRNA delivery with a much higher gene edit-
ing efficiency than MC3 LNP and LPO1 LNP when CRISPR gene editors
were delivered. With regard to intramuscular mRNA vaccine deliv-
ery, 31hP LNP triggered higher antibody responses than SM-102 LNP
following a prime-boost vaccination strategy. Further mechanistic
investigation is warranted to understand the strong immunogenicity
of 31hP LNP vaccine. Nevertheless, these results suggest that ionizable
lipids generated through a directed chemical evolution strategy can
rapidly reach, and even surpass, the potency of industry ionizable lipids
that were developed over years.

Insummary, weestablished anactivity-and biodegradability-driven
directed chemical evolution approach for the accelerated structural
optimization of A*lipids throughiterative, rationale-driven mutation
and selection. An A*coupling reaction was applied and developed
to synthesize A*-lipids with desired properties following five rounds
of iteration. Dozens of potent, biodegradable, asymmetric A*lipids
wereidentified, and their key structural criteriaare reported. The lead
A*lipid showed superior hepatic delivery of gene editors and intra-
muscular delivery of mRNA vaccines compared with several industry
standard ionizable lipids, highlighting the potential of this ionizable
lipid for therapeutic and vaccine applications. We foresee that our
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directed-chemical-evolution methodology and resulting structural
criteria can accelerate the development of desirable ionizable lipids
for abroad range of mRNA delivery applications.

Methods

Materials

Amines, aldehydes, alkynes, alcohols, carboxylic acids,
N,N-dicyclohexylcarbodiimide (DCC), 4-dimethylaminopyridine
(DMAP) and copper(l) chloride were purchased from Sigma Aldrich,
Tokyo Chemical Industry, Ambeed and AstaTech. 1,2-dioleoyl-
sn-glycero-3-phosphoethanolamine (DOPE), 1,2-distearoyl-
sn-glycero-3-phosphocholine (DSPC), 1,2-dimyristoyl-rac-glycero-3-m
ethoxypolyethylene glycol-2000 (DMG-PEG 2000) and cholesterol
were obtained from Avanti Polar Lipids. DLin-MC3-DMA and SM-102
were purchased from MedChem Express. LPO1 was purchased from
Cayman Chemical. Porcine liver esterase was obtained from Sigma
Aldrich. Nucleoside-modified Cas9 mRNA (SmoU) was bought from
TriLink. Highly modified sgRNA target mouse TTR (guide No. G211)
was chemically synthesized by a commercial supplier (AxoLabs) on
the basis of a previous publication.

mRNA synthesis

Codon-optimized firefly luciferase sequence or SARS-CoV-2 Spike
sequence was cloned into a proprietary mRNA production plasmid
(optimized 3’ and 5’ UTR with a 101 polyA tail), in vitro transcribed
in the presence of 1-methyl pseudouridine modified nucleoside,
co-transcriptionally capped using the CleanCap technology (TriLink)
and cellulose purified toremove double-stranded RNAs. Purified mRNA
was ethanol precipitated, washed, resuspended in nuclease-free water
and subjected to quality control. All mRNAs were stored at —20 °C
until use.

Synthesis of biodegradable aldehydes and alkynes
Details on the synthesis and characterization of biodegradable alde-
hydes and alkynes are provided in Supplementary Information.

Combinatorial synthesis of A3-lipidsin Libraries1and 2

These A*lipids were synthesized via solvent-free, copper(l) chloride
catalysed A>coupling of amine, formaldehyde and alkyne (Method A)'®.
Excess formaldehyde and alkyne (1.25 eq. of -NH-) were used to ensure
repeated A>-coupling reactions. Taking amine 11 as an example, amine
11 (0.1 mmol, 1eq.), formaldehyde (0.25 mmol, 37% in water, 2.5 eq.),
alkyne (0.25 mmol, 2.5 eq.) and copper(l) chloride (0.01 mmol, 0.1 eq.)
were combined in a glass vial and stirred at 50 °C for 48 h. Excess tri-
ethylamine was added to thereactionifthe amine was in the salt form.
Theyield was typically ~-50% for aromatic alkynes and <10% for aliphatic
alkynes. The crude A*lipidsin Library 1 were dissolved in ethanol and
directly used for in vitro screening. The crude A*-lipids in Library 2 as
well as the lead A*lipid in Library 1 were purified using a CombiFlash
NextGen 300+ chromatography system (Teledyne Isco) with gradi-
ent elution from 100% dichloromethane (DCM) to 60% DCM/MeOH/
NH,OH (75:22:3, aqueous), and target products were confirmed by MS
and'HNMR. The yield was typically ~-50%.

Combinatorial synthesis of A*lipids in Libraries 3-5

These A*lipids were synthesized via A*-coupling of amine, long-chain
aldehyde and long-chain alkyne (Method B). Excess amine (1.25 eq. of
aldehyde/alkyne) was used. Taking amine 31 as an example, amine 31
(0.125mmol, 1.25 eq.), long-chainaldehyde (0.1 mmol, 1 eq.), long-chain
alkyne (0.1 mmol, 1eq.) and copper(l) chloride (0.01 mmol, 0.1eq.)
were combined in a glass vial and stirred at 50 °C for 48 h. The crude
productsin Libraries 3-5 were purified using a CombiFlash NextGen
300+ chromatography system with gradient elution from100% DCM to
80%DCM/MeOH/NH,OH (75:22:3, aqueous), and target products were
confirmed by MS and 'HNMR. The yield was typically ~50%.

LNP formulation

Forinvitroandinvivo screening of Libraries 1-5, A*>LNPs were prepared
by pipette mixing of the ethanolic phase containing A*lipid, DOPE, cho-
lesterol and DMG-PEG, with the aqueous phase (10 mM citrate buffer,
pH 3) containing mLuc at a volume ratio of 1:3. The weight ratio of
A*lipid:DOPE:cholesterol:DMG-PEG:mRNA was fixed at 16:10:10:3:1.6.
The hydrodynamic size of A*-LNP formulated by pipette mixing was
typically 100-200 nm and the mRNA encapsulation efficiency was
typically 60-80%.

For therapeutic mRNA delivery, LNPs were formulated by micro-
fluidic mixing. The ethanolic phase containing lipids (A*lipid:D
OPE:Chol:DMG-PEG =40:10:48.8:1.5 (ref. 47)) was mixed with the
aqueous phase containing mRNA at a flow rate ratio of 1:3 and at an
A’-lipid:mRNA weight ratio of 10:1 in a microfluidic chip device*s.
The standard MC3 LNP (or SM-102 LNP) was formulated with MC3
(or SM-102), DSPC, cholesterol and DMG-PEG at a molar ratio of
50:10:38.5:1.5 using microfluidic mixing at an ionizable lipid:mRNA
weightratio of 10:1. The standard LPO1 LNP was formulated according
to a previous study*’. LNPs were dialysed against 1x PBSin a 20 kDa
MWCO cassette for 2 h, filtered through a 0.22 pM filter and stored
at4°C.

Characterization

'H NMR was recorded using a Bruker 400 MHz NMR spectrometer.
MS was performed on a Waters Acquity LC-MS system equipped
with UV-Vis and MS detectors. The hydrodynamic size, PDI and zeta
potential of LNPs were measured using a Malvern Zetasizer Nano
ZS90 instrument. The morphology of LNPs was characterized using a
cryo-electron microscope (Titan Krios, Thermo Fisher) equipped with
aK3 Bioquantum. The mRNA encapsulation efficiency and the pK, of
LNP were determined using a modified Quant-iT RiboGreen RNA assay
(Invitrogen) and a 6-(p-toluidinyl)naphthalene-2-sulfonic acid (TNS)
assay®, respectively.

Molecular modelling

Molecular models of 31hP were drawn using DS ViewerPro (v.5.0) soft-
ware. Material Studio Modelling (v.3.1) software from Accelrys was
used to perform the energy minimizations of the built models on the
supramolecular structures. BIOVIA Discovery Studio Visualizer (v.2019)
was used for display style and colouring.

Cell culture and animal studies

The human hepatocellular carcinoma HepG2 cell line was purchased
from American Type Culture Collection (ATCC) and maintained in
Dulbecco’s modified Eagle medium (DMEM) supplemented with 10%
fetal bovine serum (FBS),100 U mI™ penicillinand 100 pg ml ™ strepto-
mycin. Cells were cultured at 37 °C in a humidified incubator with 5%
CO, androutinely tested for mycoplasma contamination.

All animal protocols were approved by the Institutional Animal
Care and Use Committee of the University of Pennsylvania (806540),
and animal procedures were performed inaccordance with the Guide-
lines for the Care and Use of Laboratory Animals at the University of
Pennsylvania. C57BL/6 female mice (6-8 weeks, 18-20 g) were pur-
chased fromJackson Laboratory and housedinaspecific-pathogen-free
animalfacility at ambient temperature (22 + 2 °C), air humidity (40%-
70%) and 12-h dark/12-h light cycle.

Invitro mLuc delivery by A*>-LNPs

HepG2 cells were seeded in 96-well plates at a density of 5,000 per
well overnight and mLuc-loaded A*-LNPs (15 ng mRNA per well) were
used to treat cells for 24 h. Luciferase expression was evaluated using
the Luciferase Reporter 1000 Assay system (Promega, E4550) and
cell viability was measured using a CellTiter-Glo Luminescent Cell
Viability Assay system (Promega, G7572) according to manufacturer
protocols.
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In vivo mLuc delivery by A>-LNPs

Mice were i.v. injected with mLuc-loaded A>LNPs at an mRNA dose
of 0.1 mg kg-1. For i.m. delivery, mLuc-loaded A*-LNPs (2 pg mRNA
in 50 pl PBS) were injected into the gastrocnemius muscle. After 4 h,
mice were intraperitoneally (i.p.) injected with D-luciferin potassium
salt (150 mg kg™), and bioluminescence imaging was performed using
aninvivoimaging system (PerkinElmer).

Haemolysis assay

Mousered blood cells (RBCs) wereisolated and washed three times with
1xPBS by centrifugation at 700 gfor 5 min. Next, RBCs were diluted toa
4%v/vRBCsolutioneitherinneutral (pH7.4) or acidic (pH 6.0) PBS, and
incubated with LNPs atafinal mRNA concentration of 3 pg ml™at 37 °C
for1h.Finally, the RBC solution was centrifuged at 700 gfor 5 minand
100 plsupernatantwas transferred into a 96-well plate. The absorption
at 540 nm was determined with a plate reader. Positive and negative
controls were carried out with 0.1% Triton-X and 1x PBS, respectively.

Cellular internalization inhibition

HepG2 cells were seeded ina 96-well plate at a density of 5,000 per well
overnight. Cells were pretreated with 5 mM amiloride, 20 uM chlor-
promazine, 0.2 mMgenistein or 5 mM MpB-CD for 30 min. A control group
was pretreated with dimethylsulfoxide (DMSO). Then, cells were treated
with mLuc-loaded LNPs (15 ng per well) for 24 h. Luciferase expression
was determined as described above and normalized to the control.

Biodegradability analysis

lonizable lipid at 0.5 mg ml™ in 1x PBS was incubated with or without
porcine liver esterase (100 U ml™) at 37 °C for 12 h. The incubation
solution was mixed with a10-fold volume of acetonitrile to terminate
the reaction, and the mixture was centrifuged at 10,000 r.p.m. for
5 min. The remaining ionizable lipid in the supernatant was analysed
using LC-MS.

Systemic delivery of CRISPR gene editor

Mice werei.v.injected with Cas9 mRNA/TTR sgRNA (4:1, w/w)-loaded
LNPs at a total RNA dose of 1 mg kg ™. Serum was collected on day 7
and analysed by enzyme-linked immunosorbent assay (ELISA) (Aviva
Systems Biology, OKIA0O0111). Mice were euthanized and livers were col-
lected to determine the on-targetindel frequency by next-generation
sequencing (NGS). For TTR on-target DNA sequencing, DNA was
extracted from theliver using the Qiagen Puregene Tissue kit (158063)
and quantified usingaNanodrop 2000 spectrophotometer. PCR ampli-
fication of the TTR target site was carried out using Q5 High-Fidelity
DNA polymerase (New England Biolabs, M0491) and the following
primer sequences: mTTR-exon2-F,5-CGGTTTACTCTGACCCATTTC-3’
and mTTR-exon2-R,5-GGGCTTTCTACAAGCTTACC-3’. Deep sequenc-
ing of the TTR amplicons and determination of the on-target indel
frequency were performed essentially as described except that 150 bp
paired-end reads were produced®.

Intramuscular delivery of SARS-CoV-2 mRNA vaccine
Mice werei.m.injected with SARS-CoV-2 Spike mRNA-loaded LNPs (2 pg
mRNA in 50 pl PBS) twice using a prime-boost strategy at a 3-week
interval. Serum was acquired at 5 weeks post prime vaccination.
Anti-Spike IgG titres and pseudovirus neutralization antibody titres
against D614G-mutated SARS-CoV-2 ancestor strain were determined.
Todetermine anti-Spike IgG titres, 96-well clear polystyrene high
bind Stripwell microplates (Corning) were coated overnight with
1pg ml™ purified SARS-CoV-2 His-tagged Spike protein (Sino Biologi-
cal, 40589-VO8HS). Plates were washed once with wash buffer (0.05%
Tween-20 in PBS) and blocked for 2 h at room temperature using a
solution of heat-inactivated, IgG-depleted, protease-free bovine serum
albumin (2% w/v BSAin PBS). After blocking, plates were washed three
times and mouse serumwas serially diluted in the blocking solution and

incubated for2 hatr.t. Plates were washed three times before the addi-
tion of HRP-conjugated anti-mouse secondary antibody specific to IgG
(1:10,000, Abcam, ab97040) in blocking buffer. Plates were incubated
for 1.5 hand washed three times before the addition of 100 pl per well
of KPL TMB substrate for 8 min. The reaction was stopped by adding
50 plof 2 Nsulfuricacid and the absorbance was measured at 450 nm
using a SpectraMax 190 microplate reader. Spike-specificlgG end-point
dilution titre was defined as the highest dilution of serum to give an
optical density (OD) greater than the cut-off OD value determined
using the Frey method***".

Pseudovirus neutralization assay was performed using a
lentivirus-based system expressing the D614G Spike protein (Integral
Molecular, RVP-702L). HEK-293/ACE-ll cells were seeded at a density of
20,000 cells per wellin 96-well plates overnight. Serum samples were
serially diluted in RPMI-1640 medium and incubated with an equivalent
volume (1:1, v/v) of lentivirus-based pseudovirus expressing Renilla
luciferase (50 foci forming units). The lentivirus-serum mixture was
incubated at 37 °C for 1 h to allow interaction between neutralizing
antibodies and pseudovirus particles. The mixture (100 pl) was then
added to HEK-293/ACE-II cells and incubated for 48 h. Luciferase
expression was evaluated using the Renilla-Glo Luciferase Assay sys-
tem (Promega, E2710) according to manufacturer protocols. The 50%
neutralization titre (NT,,) was determined as the greatest serum dilu-
tionat which the luminescence was reduced by 50% relative to control
cells treated with the pseudovirus in the absence of serum. NT, titres
for each sample were measured in two technical replicates performed
onseparate days.

Safety evaluation

Serum was collected at 24 h post treatment of Cas9 mRNA/TTR
sgRNA-loaded LNPs (1 mg kg™) or 31hP-M (a degradation metabolite
of 31hP, 5 mg kg™). ALT and AST activities were determined using the
alanine transaminase colorimetric activity assay kit (700260, Cayman)
and aspartate aminotransferase colorimetric activity assay kit (701640,
Cayman), respectively. Thirteen pro-inflammatory cytokines were
examined using a LEGENDplex multi-analyte flow assay kit (BioLegend,
740621) according to manufacturer instruction.

Statistical analysis

Dataare presented as mean + s.d. Student’s ¢-test or one-way analysis of
variance (ANOVA) followed by Tukey’s test was applied for comparison
between two groups or among multiple groups, respectively, using
Graphpad Prism 8.0. P < 0.05 was considered statistically significant.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All relevant data supporting the findings of this study are available
withinthe paper and its Supplementary Information. Source data are
provided with this paper.
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