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Abstract

Lipid nanoparticles (LNPs) are widely used for mRNA delivery, with cationic lipids greatly
affecting biodistribution, cellular uptake, endosomal escape and transfection efficiency. However,
the laborious synthesis of cationic lipids limits the discovery of efficacious candidates and slows
down scale-up manufacturing. Here we develop a one-pot, tandem multi-component reaction
based on the rationally designed amine—-thiol-acrylate conjugation, which enables fast (1 h) and
facile room-temperature synthesis of amidine-incorporated degradable (AID) lipids. Structure—
activity relationship analysis of a combinatorial library of 100 chemically diverse AID-lipids leads
to the identification of a tail-like amine-ring-alkyl aniline that generally affords efficacious lipids.
Experimental and theoretical studies show that the embedded bulky benzene ring can enhance
endosomal escape and mRNA delivery by enabling the lipid to adopt a more conical shape. The
lead AID-lipid can not only mediate local delivery of mRNA vaccines and systemic delivery of
mRNA therapeutics, but can also alter the tropism of liver-tropic LNPs to selectively deliver gene
editors to the lung and mRNA vaccines to the spleen.

Messenger RNA (mRNA)-based therapeutics hold great promise to prevent and treat a
variety of diseases2. However, safe and efficient delivery of mRNA-based vaccines and
therapeutics to target tissues remains challenging?. Lipid nanoparticles (LNPSs) represent

the most clinically advanced non-viral nucleic acid delivery system, with one approved
small interfering RNA (siRNA)-delivering DLin-MC3-DMA (MC3) LNP (Onpattro) and
two approved mRNA vaccine-delivering SM-102 and ALC-0315 LNPs (BNT162b2 and
mRNA-1273; Supplementary Table 1)*. LNPs are generally composed of four components:
cationic lipid, phospholipid, PEGylated lipid (PEG-lipid) and cholesterol®. Among these, the
cationic lipid plays an essential role in protecting and transporting nucleic acids®.

Cationic lipids typically consist of a cationic head and several lipophilic tails’. Common
headgroups include amines (primary to quaternary), guanidine and Atheterocyclic groups®,
which are involved in binding with negatively charged mRNAs during LNP formulation and
interacting with anionic membrane phospholipids during endosome trafficking®. Although
permanently charged cationic lipids (for example, 1,2-dioleoyl-3-trimethylammonium
propane, DOTAP) used to be widely utilized in LNPs, they have now largely been replaced
by state-of-the-art ionizable cationic lipids (for example, MC3 and SM-102) because

of the pH-dependent protonation properties, enhanced delivery efficiency and improved
biocompatibility of the latter!. The lipid tails impact lipophilicity, fluidity, fusogenicity and
biodegradability, thereby influencing the endosomal escape, potency and toxicity of LNPs’.
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Previous studies have suggested that branched tails that enable lipids to adopt a more cone-
shaped structure are favourable for mMRNA delivery®10. Additionally, ester bond-bearing
tails are highly recommended for in vivo applications owing to their degradability®11. The
structure of the cationic lipids is critical, as subtle changes (for example, one atom or group)
greatly affect the cellular uptake, endosomal escape, tissue targeting, cellular tropism and
potency of LNPs%12-14,

To find efficacious cationic lipids and study their structure—activity relationships (SARS),
dozens or even hundreds of chemically divergent candidates are usually needed for
comparison. For example, over 60 rationally designed cationic lipids were synthesized

by standard organic chemistry and tested in vivo for years before elucidating valuable
structural criteria and identifying the MC3 lipid that was later approved by the Food

and Drug Administration (FDA) for siRNA delivery®16. Alternatively, combinatorial
chemistries, such as aza-Michael addition, the epoxide-mediated ring-opening reaction and
Ugi multi-component reaction (MCR) have been utilized to accelerate these processes417~
19, Despite the successful discovery of some efficacious lipids, these combinatorial
chemistries are generally performed under harsh conditions for several days and typically
yield non-degradable lipids®-20. Accordingly, there is still great interest in developing new
combinatorial chemistries to rapidly generate structurally diverse cationic lipids and study
SARs for guiding the design of the next generation of delivery materials and fulfil the
broader applications of MRNA therapeutics®. We aim to develop synthetic methods that can
enable facile synthesis of degradable cationic lipids within hours, without requiring harsh
conditions or specialized instruments.

In this Article, we describe a one-pot tandem multi-component reaction (T-MCR) to enable
fast and facile synthesis of amidine-incorporated degradable (AID) lipids. This T-MCR

is based on rationally designed amine-thiol-acrylate conjugation between amines, Traut’s
reagent (2-iminothiolane hydrochloride) and alkyl acrylates (Fig. 1). Mechanistically, a
primary amine (a weak nucleophile) is rapidly converted to a basic amidine through the
nucleophilic ring-opening of 2-iminaothiolane, generating a thiol (a strong nucleophile) in
situ, which immediately reacts with acrylate via Michael addition to afford the AID-lipid.
The simplicity of T-MCR enabled us to synthesize 100 chemically diverse AID-lipids within
1 h at room temperature (r.t.). Through the investigation of SARs, we identified a tail-like
amino head-ring-alkyl aniline that generally produces efficacious AID-lipids. Mechanistic
studies demonstrated that the bulky benzene ring enhances membrane disruption and
endosomal escape by assisting the AID-lipid to adopt a more conical shape. Our lead
AID-lipid, 12T-O14, mediated efficient intramuscular (i.m.) delivery of mRNA vaccines

and systemic delivery of mRNA therapeutics without noticeable toxicity. Moreover, we
demonstrated that 12T-O14 serves as a superior supplementary lipid to redirect liver-tropic
LNPs to selectively target the lung or spleen via simple adjustment of the formulation, which
enabled CRISPR/Cas9-mediated gene editing in the lung and mRNA vaccine delivery to the
spleen.
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Results
Optimization of T-MCR for AID-lipid synthesis

To confirm the feasibility of the amine—thiol-acrylate conjugation, a model reaction between
amine 19, Traut’s reagent and acrylate O12 was performed (Supplementary Fig. 1a).
Several synthetic conditions were tested, and the reaction progress was monitored by

liquid chromatography—mass spectrometry (LC-MS; Supplementary Fig. 1b,c). The reaction
proceeded quickly at r.t. in the presence of the base triethylamine (TEA) in either dimethyl
sulfoxide or ethanol (EtOH), with minimum by-products, and was complete in 1 h, with
isolation yields of over 80% for the target product 19T-O12. Because the conversion

of the primary amine to the thiolated product by Traut’s reagent is typically complete

within 1 h and the subsequent nucleophilic thiol-Michael addition proceeds instantly?1, the
combination of these two reactions in a one-pot profile greatly simplifies and accelerates the
synthetic process. Such a fast and mild synthesis, to our knowledge, has not been reported
for previous combinatorial chemistries®20.22,

High-throughput synthesis and screening of AID-lipids

Next, we applied this T-MCR to synthesize a series of AID-lipids. EtOH was selected as the
solvent, as it is a green solvent, and the resulting solution is ready for LNP formulation.
Twenty-five amines, including alkylamines, anilines and hydrazides, were reacted in a
combinatorial manner with four alkyl acrylates (09, 012, 014 and O16) to form 100 AID-
lipids containing amidine and ester linkages (Fig. 1a). To enable fast and high-throughput
synthesis, individual reactions were performed in 1.5-ml Eppendorf tubes, and all tubes were
sonicated simultaneously for 1 h (Fig. 2a).

The resulting 100 AID-lipids were formulated into 100 AID-LNPs along with excipients
including 1,2-dioleoyl-sn-glycero-3-p hosphoethanolamine (DOPE), cholesterol and 1,2-
dimyristoyl-rac-glycero-3-methoxypolyethylene glycol-2000 (DMG-PEG). To evaluate the
MRNA delivery efficacy of this lipid library and study the SARs, 1-methyl-pseudouridine
(ml1y)-modified luciferase mMRNA (mLuc) was encapsulated into these LNPs, and luciferase
protein expression in HepG2 cells was determined. Of the 100 AID-lipid members, none
showed toxicity (cell viability <80%; Supplementary Fig. 2). Moreover, 98 AID-lipids were
able to deliver mRNA in vitro (Fig. 2b,c). Of these, 23 mediated luciferase expression of up
to 100,000 units (considered as outstanding performance). Analysis of these 23 outstanding
AID-lipids showed that they were synthesized by long-chain (C14—Cyg) alkylamines, ring-
alkyl anilines, diamines or partial polyamines (Fig. 2d), whose relative hit rates (percentage
in the group with luminescence >100,000 units — percentage in library) were 10.1, 14.1, 9.7
and -5.9, respectively (Fig. 2e). Although monoamines, overall, were inferior in affording
outstanding AID-lipids (relative hit rate = —3.8), two monoamine subclasses (long-chain
alkylamine and ring-alkyl anilines) generally yielded outstanding AID-lipids (Fig. 2¢).
Interestingly, ring-alkyl anilines tended to generate more potent AID-lipids (luminescence
of >200,000 units) compared to long-chain alkylamines, despite having the same number
of carbon atoms (for example, 12T-O14 versus 4T-O14; 13T-O14 versus 5T-O14; Fig.

2¢). With respect to tail length, O14 generally outperformed others to produce efficacious
AID-lipids with the highest relative hit rate of 9.8 (Fig. 2f).
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Because ring-alkyl aniline has the highest hit rate, and such structures (either as amino heads
or as tails) have never been reported as efficacious building blocks in previous combinatorial
libraries, we focused on this family of AID-lipids. It is noteworthy that anilines 11-14 not
only provide a primary amine for amidine formation, but also constitute one of the two

tails in the corresponding asymmetric AID-lipids. Therefore, the length and hydrophobicity
of the alkyl substituent on the benzene ring should greatly impact mRNA delivery. Indeed,
elongation of the alkyl substituent appeared to increase delivery efficiency (11-13; Fig. 2¢
and Supplementary Fig. 3), but replacement of one carbon with the polar oxygen atom

in the alkyl substituent dramatically decreased efficacy, presumably due to its reduced
hydrophobicity (12 versus 14; Supplementary Fig. 4).

We next explored the in vivo delivery efficacy of AID-lipids. The top eight AID-lipid
candidates (luminescence of >200,000 units) from the in vitro screening were tested in mice
after i.m. injection. Despite all AID-LNPs showing similar in vitro potency and achieving
strong transfection at an mRNA dose as low as 3.7 ng per well (Fig. 2g), their in vivo
performance was disparate (Fig. 2h). Two AID-lipids, 12T-O14 and 13T-O14, mediated
substantially higher mLuc transfection than the others. Interestingly, both possess a ring-
alkyl aniline and an O14 tail, correlating well with their high relative hit rates (Fig. 1e,f).
We purified a few AID-lipids and confirmed the consistency of their in vivo performance
with their crude ones, as well as the superiority of the ring-alkyl aniline (that is, 12 and 13)
and O14 tail (Supplementary Fig. 5). Furthermore, we customized two unsaturated acrylate
tails (O18a and O18b; Supplementary Fig. 6), and then applied T-MCR to generate 12T-
018a and 12T-O18b. Despite their improved in vitro mMRNA delivery efficiency compared
to 12T-O14, neither achieved better in vivo performance. More comprehensive structural
optimization of AID-lipids involving additional synthetic steps is still ongoing and will

be reported in a future study. Here, the top-performing AID-lipid, 12T-O14, was purified,
characterized (Supplementary Figs. 7-9) and used for subsequent studies.

Optimization and characterization of AID-LNP

After acquiring the purified 12T-O14, we next systematically optimized the LNP
formulation using an in vitro/vivo hybrid method (Supplementary Fig. 10), which resulted
in a molar ratio of 12T-O14, cholesterol, DOPE and DMG-PEG of 33:48.5:17:1.5. Next,
the physicochemical properties of the 12T-O14 LNP formulated by microfluidic mixing of
lipids (in ethanol) and mRNA (in citrate buffer, pH 3.0) were characterized. The mRNA
encapsulation efficiency (EE) of this LNP was 93.4%, suggesting its strong ability to
condense and entrap mRNA molecules (Fig. 3a). The hydrodynamic diameter of 12T-O14
LNP was ~73.4 nm (Supplementary Fig. 11), with a low polydispersity index (PDI = 0.075)
and a neutral surface charge (C = 1.63 mV). The apparent pK; of the 12T-O14 LNP was
determined to be 8.15 (Supplementary Fig. 12), suggesting that 12T-O14 is protonated at
pH 7.4 due to the basicity of the amidineZ3. Owing to this feature, 12T-014 LNP could
also efficiently encapsulate mRNA through electrostatic interaction in neutral phosphate
buffered saline (PBS) buffer with an EE of 88.1% (Fig. 3a). A representative cryogenic
electron microscopy (cryo-EM) image showed that 12T-O14 LNP was spherical, with a
multi-lamellar shell and an amorphous core (Fig. 3b).
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AlD-lipid enables safe and effective intracellular mRNA delivery

Previous studies have suggested that cationic lipids are prone to induce immunotoxicity
and cytotoxicity?425, We therefore compared the immunostimulatory effect of 12T-O14
LNP with a series of benchmark LNPs in RAW?264.7 macrophages (Supplementary Fig.
13). Two proinflammatory cytokines, tumour necrosis factor-a (TNF-a.) and interleukin-6
(IL-6), were examined by enzyme-linked immunosorbent assay (ELISA). 12T-014 LNP
induced marginal levels of TNF-a and undetectable levels of IL-6, which were comparable
to those of DOTMA, DOTAP, MC3 and SM-102 LNPs but were substantially lower than
for C12-200 LNP18. These results suggest that 12T-O14 LNP had a low immunostimulatory
effect. We next investigated the cytotoxicity of 12T-O14 LNP in HepG2 cells (Fig. 3c).
LNPs formulated by the traditional cationic lipid DOTAP and the state-of-the-art ionizable
cationic lipid SM-102 were chosen for comparison. Our results showed that 12T-O14 LNP
and SM-102 LNP were more biocompatible than DOTAP LNP, as DOTAP LNP greatly
reduced cell viability at a high dose.

After confirming the low toxicity profile of 12T-O14 LNP, we next compared its
intracellular mRNA delivery efficiency. 12T-O14 LNP outperformed DOTAP LNP in
delivery of mLuc into HepG2 cells, although it was inferior to SM-102 LNP (Fig. 3d).

In terms of SiRNA delivery, 12T-O14 LNP mediated greater gene knockdown than DOTAP
LNP, which was comparable to the gold-standard siRNA-delivering system MC3 LNP
(Supplementary Fig. 14). These results suggest that 12T-O14 LNP is able to efficiently
deliver different RNA constructs into cells.

AID-lipid uses a benzene ring to aid membrane disruption

Endosomal entrapment of LNPs is a critical barrier for intracellular mMRNA delivery26:27.
Therefore, the superior performance of 12T-O14 LNP prompted us to investigate its
endosomal escape properties. Confocal laser scanning microscope (CLSM) images showed
that, similar to SM-102 LNP, 12T-O14 LNP escaped from endosomes more efficiently

than DOTAP LNP (Fig. 3e), as a greater cytosolic distribution of LNPs (green) and less
co-localization between LNPs and endosomes (red) were observed in 12T-O14 LNP-treated
cells. We noticed that a major structural difference between 12T-O14 and DOTAP (or many
other AID-lipids) is that the former bears a benzene ring, so we hypothesized that this bulky
group could act as a wedge that increases the distance between two tails to produce a cone
shape (the ‘wedge effect’; Fig. 3f), which can form a more cone-shaped ion pair with the
anionic membrane phospholipid to enhance endosome disruption®. To verify this hypothesis,
the packing parameter p of the lipid molecule was calculated based on molecular dynamics
simulations (Fig. 3g,h), and was found to be correlated to the cone angle from the polar
head to terminal tails28. For a more rigid comparison, 4T-O14, which contains a Cg aliphatic
chain instead of a benzene ring, was included (Fig. 3f). Our calculation found that the p
value of 12T-014 (p = 4.71) was larger than that of 4T-014 (p=4.11), DOTAP (p= 2.03)
and SM-102 (p = 3.60). These computational results suggest that 12T-O14 possesses a more
cone-shaped structure and is more likely to induce the rupture of endosomal membranes.

We next evaluated the membrane-disruptive activities of these lipids using a haemolysis
assay (Fig. 3i). 12T-014 LNP exhibited much stronger haemolysis than 4T-O14 LNP,
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DOTAP LNP and SM-102 LNP at pH 7.4 (Fig. 3h). Notably, similar to SM-102 LNP,

the haemolytic activity of 12T-O14 LNP was enhanced at acidic pH, suggesting that

the bulky benzene ring (to produce a cone-shaped structure) and the cationic amidine

(to bind with the anionic membrane phospholipid) cooperatively contribute to membrane
disruption. It is worth mentioning that the strong haemolytic activity of 12T-O14 LNP at
neutral pH was reduced in the presence of serum (Supplementary Fig. 15), indicating that
improved haemocompatibility is achieved after protein absorption2®. Together, these results
demonstrate the importance of the benzene ring in facilitating the endosomal escape of
12T-014 LNP.

Local mMRNA vaccine delivery and systemic mRNA drug delivery

Inspired by the synthetic simplicity, in vitro potency, marginal immunotoxicity and

low cytotoxicity of 12T-O14, we further explored its potential for vaccine and protein
replacement therapy development by delivering functional mRNAS in vivo. DOTAP and
SM-102 were chosen for comparison due to their prevalence in the delivery of mMRNA
vaccines and therapeutics30-33, Local administration of LNP-formulated mRNA encoding
antigen has been widely adopted for vaccination to trigger antigen-specific antibodies

in both preclinical and clinical settings. After confirming that 12T-O14 LNP mediated
greater protein expression than DOTAP LNP, but less protein expression than SM-102 LNP,
following i.m. injection of mLuc-loaded LNPs (Fig. 4a), we tested the antibody responses
of SARS-CoV-2 Spike mRNA-encapsulated LNP vaccines (Fig. 4b). We measured anti-
Spike-specific binding immunoglobulin G (IgG) in mice following a prime and boost
immunization regimen. The results showed that, in five mice receiving 12T-O14 LNP
vaccine, one mouse (20%) responded after priming, and all mice (100%) responded after
boosting, which was similar to the SM-102 LNP vaccine and outperformed the DOTAP
LNP vaccine, for which no mice responded (0%) after priming and only two mice
responded (40%) after boosting. Moreover, the average anti-Spike 1gG titre in 12T-014
LNP-vaccinated mice reached 4.7 x 10°, which was on par with that in SM-102 LNP-
vaccinated mice and 1,161-fold higher than that in DOTAP LNP-vaccinated mice. We
further measured neutralization antibodies (NAbs) against a SARS-CoV-2 pseudovirus using
a lentivirus-based pseudovirus neutralization assay (Supplementary Fig. 16). The 12T-O14
LNP vaccine triggered a much higher titre of NAbs than DOTAP LNP vaccine, although it
was slightly inferior to the SM-102 LNP vaccine. These results suggest that 12T-O14 LNP
could be a promising vector for local mMRNA vaccine delivery.

Next, we explored whether 12T-O14 LNP was able to deliver functional mMRNA
systemically, as systemic delivery of mRNA-encoding therapeutic proteins holds great
potential to treat many diseases. First, the in vivo transfection profile was determined

by examining luciferase expression following intravenous (i.v.) injection of mLuc-loaded
LNPs. Whole body bioluminescence imaging showed that 12T-O14 LNP enabled 28-fold
stronger luciferase expression than DOTAP LNP (Fig. 4c). Predominant transfection of
liver, spleen and lung was observed in 12T-O14 LNP-treated mice (Fig. 4d), with a total
flux 72-, 108- and 28-fold higher than that in DOTAP LNP-treated mice. We next tested

the systemic delivery of mRNA encoding human fibroblast growth factor 21 (FGF21, a
metabolic hormone primarily secreted by the liver), which is a promising therapeutic protein
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to treat obesity, type 2 diabetes and non-alcoholic steatohepatitis3435. Although a high level
of circulating FGF21 was detected in 12T-O14 LNP-treated mice at 6 h post treatment

(Fig. 4e), none was detected in DOTAP LNP-treated mice due to its faint liver transfection.
The state-of-the-art SM-102 LNP enabled stronger liver transfection and higher FGF21
expression than 12T-014 LNP (Fig. 4c—e). We also analysed the toxicity of LNPs at 24

h post treatment. None of the three LNPs caused damage to the liver and other organs,

as no obvious increases in alanine aminotransferase and aspartate aminotransferase, nor
any histological abnormalities, were observed (Supplementary Fig. 17). Moreover, cytokine
analysis revealed that all 13 cytokines tested were either undetectable or at low levels (<5
pg mi~1) for all three LNPs (Supplementary Table 2). These results indicate that 12T-014
LNP can mediate systemic mMRNA delivery for potential protein replacement therapy with
good tolerability.

AID-lipid redirects liver-tropic LNPs to target lung or spleen

Although most LNPs tend to accumulate in the liver, there is a huge demand to develop
LNP technologies for non-liver mRNA delivery, such as to the lung or spleen3®. So far,
however, very few studies have successfully engineered liver-tropic LNPs to switchably
and selectively target the lung or spleen. Previous studies have indicated that manipulating
the internal and/or external charge of LNP formulations can tune organ tropism, known as
selective organ targeting (SORT) technology3’. We hypothesized that 12T-O14 could also
be used as a supplementary cationic lipid to develop lung-targeted LNPs similar to the
previously reported SORT LNP37. We chose an FDA-approved liver-tropic MC3 LNP as the
framework formulation and supplemented it with 50% 12T-O14 to develop MC3/12T-014
LNP (MC3:DSPC:cholesterol:DMG-PEG:12T-014 = 25:5:19.25:0.75:50; Supplementary
Table 3). The standard lung-tropic 50% DOTAP-supplemented MC3 SORT LNP (termed
MC3/DOTAP LNP or lung-SORT LNP) was prepared accordingly and served as a positive
control. The weight ratio of total lipids:mRNA was kept at 40:1 to ensure excess positive
charge for both LNPs37. The in vivo and ex vivo imaging results showed that while both
mLuc-loaded LNPs predominantly transfected the lungs (Fig. 5a), our MC3/12T-O14 LNP
was ~50-fold more potent than MC3/DOTAP LNP. it is worth mentioning that very strong
transfection was achieved in the lungs (total flux of >1 x 109 p s71) by our MC3/12T-014
LNP at a low mRNA dose (0.1 mg kg™1), highlighting its potential for lung-targeted mMRNA
delivery.

Next, we explored whether 12T-014 supplementation could redirect liver-tropic MC3
LNP to the spleen. Because negatively charged LNPs have been shown to preferentially
target the spleen37-38 we gradually decreased the weight ratio of total lipids:mRNA from
40:1 to 10:1 to obtain excess negative charge in MC3/12T-O14 LNP while keeping the
lipid molar ratio unchanged. The decrease of weight ratio shifted the surface charge of
MC3/12T-014 LNP from slightly positive (40:1, 6.1 mV) to near-neutral (20:1, -1.2 mV)
and finally to negative (10:1, —13.8 mV), without substantially reducing the mRNA EE
(Supplementary Table 3). Correspondingly, the luciferase expression shifted from lung
(40:1) to lung and spleen (20:1), and finally to spleen (10:1; Fig. 5b). Interestingly, while
MC3 LNP predominantly transfected the liver with a luminescence flux above 1 x 108

p s~1, 12T-014 supplementation almost completely shifted the transfection to lung and/or
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spleen with designated fluxes maintained above 1 x 108 p s (Fig. 5¢,d). Notably, although
lung and spleen can both be transfected by 12T-O14 LNP as previously shown (Fig. 4d),
this 12T-0O14 supplementation strategy can enable much stronger and more precise lung
and spleen transfection. Moreover, our spleen-tropic MC3/12T-O14 LNP (10:1) showed
higher mRNA EE (92.6% versus 46.0%), comparable spleen transfection (1.5 x 108 p 571
versus 1.7 x 108 p s1) and less off-target expression compared to the previously reported
spleen-tropic 30% 18PA-supplemented C12-200 SORT LNP (termed spleen-SORT LNP;
Supplementary Table 3 and Supplementary Fig. 18). Further decrease of the weight ratio to
5:1 for MC3/12T-0O14 LNP resulted in a low EE of mMRNA (~75%) and a reduced splenic
signal below 1 x 107 p s™1 (Supplementary Table 3 and Supplementary Fig. 19). This weight
ratio was thus not considered for subsequent studies. Altogether, these results suggest that
12T-014 can serve as a supplementary cationic lipid in liver-tropic LNPs to develop potent
lung-tropic or spleen-tropic LNPs via simple alterations of the LNP formulation (Fig. 5e).

AID-lipid enables liver-tropic LNPs to transfect non-liver cells

Inspired by the superior ability of 12T-O14 to selectively redirect liver-tropic LNP to

lung or spleen, we next examined the transfection of specific cell types in these organs
using an activatable Cre/loxP Ai6 reporter mouse model3°. Following LNP delivery of

Cre recombinase-encoded mRNA (Cre mMRNA), the translated Cre protein can cut the

STOP cassette, therefore turning on the expression of ZsGreenl in transfected cells (Fig.
6a). We first confirmed that a strong ZsGreen1 signal was detected in lung sections of
lung-tropic MC3/12T-O14 LNP (40:1)-treated mice and in spleen sections of spleen-tropic
MC3/12T-014 LNP (10:1)-treated mice (Supplementary Figs. 20 and 21). We also observed
weak ZsGreenl signal in lung sections of lung-SORT LNP-treated mice and a strong
ZsGreenl signal in spleen sections of spleen-SORT LNP-treated mice. Next, we analysed
the transfected cell populations using flow cytometry. Lung-tropic MC3/12T-O14 LNP was
able to deliver mMRNA to ~6% of total cells and primarily to endothelial cells (ECs, ~60%) in
the lung (Fig. 6b and Supplementary Fig. 22), which was more efficient than the lung-SORT
LNP. Recently, there has been a growing interest in genome editing through the co-delivery
of Cas9 mRNA and sgRNA, as exemplified by Intellia’s LNP-mediated liver transthyretin
(TTR) knockout??, yet few studies have successfully used this combination to knock out an
endogenous gene in the lung37:41. We next tested the potential of lung-tropic MC3/12T-O14
LNP to co-deliver Cas9 mRNA and sgRNA for gene editing. 77/ was selected as a model
editing target, and the generation of insertions and deletions (indels) was quantified by next-
generation sequencing (NGS). Our lung-tropic MC3/12T-O14 LNP induced ~2.5% 77R
indels in the lung at a total RNA dose of 1 mg kg~2, which was higher than that induced

by lung-SORT LNP (~1.1%; Fig. 6¢). Importantly, no pulmonary damage was observed in
these edited mice (Supplementary Fig. 23). As expected, liver-tropic MC3 LNP was unable
to edit 77Rin the lung (indels <0.05%), despite it inducing ~6% 77/ indels in the liver
(Supplementary Fig. 24). These results suggest that 12T-O14 expands the potential utility of
liver-tropic LNPs for targeted mRNA delivery and gene editing in the lung.

We also analysed the transfected splenocytes after systemic delivery of Cre mRNA using
spleen-tropic MC3/12T-0O14 LNP. This LNP formulation mainly transfected splenic antigen-
presenting cells (APCs), including ~15% of macrophages and ~10% of dendritic cells (DCs;
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Fig. 6d and Supplementary Fig. 25), which was similar to spleen-SORT LNP. Because
there is growing interest in delivering mRNA vaccines to splenic APCs, as exemplified

by BioNTech’s RNA-LPX system3842 we next explored this potential in spleen-tropic
MC3/12T-014 LNP. SARS-CoV-2 Spike mRNA was chosen as a model antigen-encoded
mRNA, which enabled us to determine the quality of adaptive immune responses based on
the serum anti-Spike 1gG titre and SARS-CoV-2 pseudovirus NADb titre. After the prime
and boost immunization of spleen-tropic MC3/12T-014 LNP vaccine (Fig. 6e), the average
anti-Spike IgG titre and NAD titre in mice reached 9.9 x 10° and 1.0 x 104, respectively,
comparable to those in mice vaccinated with spleen-SORT LNP vaccine (Fig. 6f,g) and
higher than those in mice vaccinated with 12T-O14 LNP vaccine or SM-102 LNP vaccine
via i.m. injection (Fig. 4b and Supplementary Fig. 16). These results demonstrate the
potential of our spleen-tropic MC3/12T-O14 LNP for splenic APC-targeted mRNA vaccine
delivery.

Conclusions

Methods

Materials

In summary, we have developed a T-MCR that could enable fast and facile synthesis of
AID-lipids. Such T-MCR methodology broadens the scope of the modular design and
synthesis of cationic lipids, which could greatly accelerate the development and study

of cationic lipids. We also discovered a distinct head (or tail)-ring-alkyl aniline that can
generally produce potent lipids. Mechanistic studies provided insights that the benzene ring
facilitates endosomal disruption by aiding the cationic lipid to adopt a more conical shape.
The versatile AID-lipid 12T-O14 not only enabled local delivery of mMRNA vaccines and
systemic delivery of mRNA therapeutics, but also mediated liver-tropic LNPs to selectively
deliver gene editors to the lung and mRNA vaccines to the spleen. Therefore, AID-lipids
hold potential for aiding the development of MRNA-based vaccines as well as protein
replacement and gene-editing therapeutics in target tissues.

Amines, oleyl alcohol and linoleyl alcohol were purchased from Sigma Aldrich,

Tokyo Chemical Industry (TCI) and Ambeed. The 2-iminothiolane hydrochloride,
acrylates, acryloyl chloride and triethylamine (TEA) were obtained from Sigma Aldrich.
Mouse IL-6 uncoated ELISA, mouse TNF-a uncoated ELISA, LysoTracker Deep Red
and 3,3”-dioctadecyloxacarbocyanine perchlorate (DiO) were bought from Invitrogen.
The 1,2-dioleoyl- sn-glycero-3-phosphoethanolamine (DOPE), 1,2-distearoyl-sn-glycero-3-
phosphocholine (DSPC), 1,2-dioleoyl-3-trimethylammonium-propane (chloride salt;
DOTAP), 1,2-di- O-octadecenyl-3-trimethylammonium propane (chloride salt; DOTMA),
1,2-dimyristoyl-rac-glycero-3-methoxypolyethylene glycol-2000 (DMG-PEG 2000), 1,2-
dioleoyl-sm-glycero-3-phosphate (sodium salt; 18PA) and cholesterol were obtained from
Avanti Polar Lipids. DLin-MC3-DMA, SM-102 and C12-200 were purchased from
MedChem Express. Cas9 mRNA (5moU, #L-7206) was purchased from TriLink. Green
fluorescent protein siRNA (#P-002048-01-20) was obtained from Horizon Discovery.
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Highly modified sgRNA targeting mouse 77/ (guide no. G211) was chemically synthesized
by AxoLabs (Supplementary Table 4)43.

MRNA synthesis

Codon-optimized SARS-CoV-2 di-proline-modified Spike sequence, firefly Luciferase
sequence, Cre recombinase sequence or human FGF21 sequence were cloned into an
mRNA production plasmid with optimized 3" and 5" untranslated regions and a 101 polyA
tail, in vitro-transcribed in the presence of 1-methyl-pseudouridine modified nucleoside,
co-transcriptionally capped using CleanCap technology (TriLink) and cellulose-purified

to remove double-stranded RNAs*. Purified mRNA was ethanol-precipitated, washed, re-
suspended in nuclease-free water, and subjected to quality control (electrophoresis, dot blot,
endotoxin content and transfection into human DCs). All mRNAs were stored at =20 °C
until use.

Synthesis of oleyl acrylate (O18a) and linoleyl acrylate (O18b)

Oleyl alcohol or linoleyl alcohol (1 mmol, 1 equiv.) in 10 ml of CH,Cl, was treated with
TEA (3 mmol, 3 equiv.) and acryloyl chloride (1.5 mmol, 1.5 equiv.) at 0 °C for 30 min and
then at r.t. overnight. The mixture was diluted with CH,Cl, and washed with brine twice.
The organic layer was dried over MgSOy, filtered, and concentrated in vacuo. The residue
was purified by a CombiFlash NextGen 300+ chromatography system (Teledyne ISCO) with
gradient elution from hexane to 80:20 hexane/ethyl acetate, and the desired fractions were
collected as colourless oil (yield > 90%). O18a was confirmed by MS and NMR. MS-ESI:
calculated for Co1H3g05: 322.53, found [M + H]* = 323.51; IH NMR (400 MHz, CDCI3)
8:6.40 (dd, J=17.3, 1.5 Hz, 1H), 6.12 (dd, J = 17.3, 10.4 Hz, 1H), 5.81 (dd, J = 10.4, 1.6
Hz, 1H), 5.41-5.28 (m, 2H), 4.15 (t, J = 6.8 Hz, 2H), 2.01 (g, J = 6.5 Hz, 4H), 1.74-1.61 (m,
2H), 1.43-1.21 (m, 22H), 0.88 (t, J = 6.7 Hz, 3H). O18b was confirmed by MS and NMR.
MS-ESI: calculated for C»1Hz505: 320.52, found [M + H]* = 321.51; IH NMR (400 MHz,
CDCI3) 6: 6.40 (dd, J = 17.3, 1.5 Hz, 1H), 6.12 (dd,J = 17.3, 10.4 Hz, 1H), 5.81 (dd,J =
10.4, 1.5 Hz, 1H), 5.44-5.27 (m, 4H), 4.15 (t, J = 6.7 Hz, 2H), 2.77 (t, J = 6.4 Hz, 2H), 2.05
(9, J=6.9 Hz, 4H), 1.74-1.59 (m, 2H), 1.45-1.22 (m, 16H), 0.89 (t, J = 6.7 Hz, 3H).

High-throughput synthesis of AID-lipids
Amine, excessive 2-iminothiolane hydrochloride, excessive acrylate and TEA were
dissolved in ethanol in a 1.5-ml Eppendorf tube. All tubes were put on a floating rack
and sonicated in an ultrasonic cleaner (Branson M2800) for 1 h at r.t. and at a frequency of
40 kHz. The yield was typically over 80%. Take 12T-O14 as an example: 8 mg of amine 12
(1 equiv.) and 7 mg of 2-iminothiolane hydrochloride (1.5 equiv.) were dissolved in 500 pl
ethanol, followed by the addition of 12 mg of acrylate tail O14 (1.25 equiv.) and 7 mg of
TEA (2 equiv.). All crude products were diluted with ethanol to prepare the stock solutions
(40 mg ml~1) for LNP preparation.

Purification and characterization of 12T-O14

To purify the top-performing AID-lipid 12T-O14, its crude product was separated using a
CombiFlash NextGen 300+ chromatography system with gradient elution from CH,ClI, to
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75:22:3 CH,Clo/MeOH/NH4OH (aq), and the desired fractions were collected as a white
solid (yield 84%). 12T-O14 was characterized by MS and NMR. MS-ESI: calculated for
Ca7HgsN20,S: 603.01, found [M + H]* = 603.73; IH NMR (400 MHz, MeOD) &: 7.43—
7.35 (m, 2H), 7.30-7.23 (m, 2H), 4.11 (t, J = 6.6 Hz, 2H), 2.86 (t,J = 7.0 Hz, 2H), 2.82-2.63
(m, 8H), 2.13 (p,J = 7.2 Hz, 2H), 1.66 (dtt, J = 13.0, 6.6, 3.8 Hz, 4H), 1.46-1.22 (m, 36H),
0.92 (t, J = 6.7 Hz, 6H); 13C NMR (100 MHz, MeOD) 6: 173.17, 168.73, 144.88, 132.04,
130.72, 125.61, 65.25, 35.83, 35.04, 32.61, 32.39, 31.87, 31.17, 30.11, 30.08, 30.04, 29.98,
29.92, 29.79, 29.77, 29.67, 29.06, 27.49, 27.09, 26.35, 23.05, 13.75.

LNP formulation and optimization

For high-throughput in vitro and in vivo screening, AID-LNPs were prepared by pipette
mixing the ethanolic phase containing AID-lipid, DOPE, cholesterol and DMG-PEG with an
aqueous phase (10 mM citrate buffer, pH 3) containing mRNA at a volume ratio of 1:3 and
diluted in culture medium or 1x PBS for cell or animal treatment, respectively. The weight
ratio of AID-lipid, DOPE, cholesterol, DMG-PEG and mRNA was 16:10:10:3:1.6.

To optimize the LNP formulation, pipette-mixed LNPs with different weight ratios of 12T-
014, cholesterol, DOPE, DMG-PEG and mRNA were tested and screened in vitro and in
vivo, and an optimized weight ratio of 16:15:10:3:1.6 was chosen for further studies.

To formulate 12T-O14 LNP and DOTAP LNP by microfluidic mixing, the ethanol phase
containing lipids was mixed with the aqueous phase containing mRNA at a flow rate of

1:3 in a microfluidic chip device*®. LNPs were dialysed against 1x PBS in a 20-kDa
molecular-weight-cutoff cassette for 2 h, filtered through a 0.22-um filter and stored at 4 °C.
DiO-labelled LNPs were obtained by mixing DiO (1 mol% of total lipids) with LNPs before
dialysis.

SM-102 (or MC3) LNP was formulated by SM-102, DSPC, cholesterol and DMG-PEG

at a molar ratio of 50:10:38.5:1.5 using microfluidic mixing. MC3/12T-O14 LNP was
formulated with MC3, DSPC, cholesterol, DMG-PEG and 12T-O14 at a molar ratio of
25:5:19.25:0.75:50 at a total lipids:mRNA weight ratio of 40, 20, 10 or 5. Specifically,
lung-targeted MC3/12T-014 LNP and MC3/DOTAP SORT LNP (lung-SORT LNP)37 with a
total lipids:mRNA weight ratio of 40 was formulated by pipette mixing. After dialysis, these
LNPs were directly used without filtration. 30% 18PA C12-200 SORT LNP (spleen-SORT
LNP) was formulated using microfluidic mixing as previously reported3’.

Characterization

IH NMR and 13C NMR spectra were recorded using a Bruker 400-MHz NMR spectrometer.
LC-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 the LNPs were measured
using a Zetasizer Nano ZS90 set-up (Malvern Instruments). The morphology of the LNPs
was characterized by a cryo-electron microscope (Titan Krios, Thermo Fisher). The mRNA
encapsulation efficiency and the pKj; of LNPs were determined using a modified Quant-iT
RiboGreen RNA assay (Invitrogen) and a 6-(p-toluidinyl)naphthalene-2-sulfonic acid (TNS)
assay, respectively46:47,
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Cell-culture and animal studies

HepG2 cells were obtained from American Type Culture Collection (ATCC #HB-8065)
and maintained in Dulbecco’s modified Eagle medium (DMEM) supplemented with 10%
fetal bovine serum (FBS), 100 U mI~1 penicillin and 100 pg mI~1 streptomycin. ACE-11-
expressing human embryonic kidney 293 (HEK-293/ACE-II) cells were purchased from
Takara (#631289) and maintained in RPMI-1640 medium. Cells were cultured at 37 °C ina
humidified incubator of 5% CO», and routinely tested for mycoplasma contamination.

All animal protocols were approved by the Institutional Animal Care and Use Committee
(IACUC) of University of Pennsylvania (#806540), and animal procedures were performed
in accordance with the Guidelines for Care and Use of Laboratory Animals at the University
of Pennsylvania. C57BL/6 female mice (6-8 weeks, 18-20 g) were purchased from Jackson
Laboratory. Ai6 (RCL-ZsGreen) mice on a C57BL/6J background were purchased from
Jackson Laboratory (#007906) and bred homozygous in-house. C57BL/6 and Ai6 mice were
housed in a specific-pathogen-free animal facility at ambient temperature (22 £ 2 °C), air
humidity of 40-70% and a 12-h dark/12-h light cycle.

High-throughput in vitro screening of AID-LNPs

HepG2 cells were seeded into 96-well plates at a density of 5,000 per well overnight, and
mLuc-loaded AID-LNPs (15 ng per well) were used to treat the cells for 24 h. Luciferase
expression was evaluated by a Luciferase Reporter 1000 Assay System (Promega, #E4550),
and cell viability was measured using a CellTiter-Glo Luminescent Cell Viability Assay
(Promega, #G7572) according to the manufacturer’s protocols.

In vivo screening of AID-LNPs

Mice were anaesthetized with 2.5% isoflurane, and mLuc-loaded AID-LNPs (2 pg of mMRNA
in 40 pl of PBS) were injected into the left or right gastrocnemius muscle using a 29-G
needle. After 4 h, mice were intraperitoneally injected with p-luciferin potassium salt

(150 mg kg™1), and bioluminescence imaging was performed on an IVIS imaging system
(PerkinElmer).

Molecular dynamics simulations

Lipid dynamics simulations of 12T-O14, 4T-O14 and DOTAP were optimized with the
CHARMmM force field*8. The lipid simulations were run with up to 4,000 steps to achieve
the energy-minimized structures. All bonds containing intermolecular interactions were
constrained using the Smart Minimizer algorithm (that is, 1,000 steps of steepest descent
with a root-mean-squared (r.m.s.) gradient of 3 and conjugate gradient minimization). The
overall r.m.s. gradient tolerance was set to 0.01. The Momany—Rone method was assigned
for partial charge estimation using Discovery Studio 2018 (Accelrys)*8. The dimensionless
packing parameter p of a lipid molecule was calculated as p= W/(AL) based on its van der
Waals molecule volume (V), the cross-sectional area of the polar head (A) and average tail
length (£)%8. V/ Aand L were derived from the optimized conformation of the lipid as well
as the estimated atomic van der Waals radius*®.
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Cellular uptake

HepG2 cells were seeded into 35-mm glass-bottom dishes for 24 h and treated with
DiO-labelled LNPs (300 ng mRNA ml™1) for 2 h. Afterwards, cells were stained with
LysoTracker Deep Red (100 nM) for 45 min and Hoechst 33342 (10 pg mi~1) for 5 min.
Images were taken immediately using a confocal laser scanning microscope (LSM 710,
Zeiss).

Haemolysis assay

Mouse red blood cells (RBCs) were isolated and washed twice with 1x PBS by
centrifugation at 700g for 5 min. The RBCs were then diluted in PBS (pH 7.4 or 6.0) to a
4% vol/vol RBC solution and incubated with LNPs at a concentration of 3 pjg mRNA ml~1
at 37 °C for 1 h. The RBC solution was centrifuged at 700g for 5 min, and 100 pl of the
supernatant was 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.

Local mRNA delivery

Mice were i.m. injected with SARS-CoV-2 Spike MRNA-loaded LNPs (2 ug mRNA in 40 pl
of PBS) twice using a prime—boost strategy with a three-week interval. Blood was collected
into serum separator tubes (BD, #365967) via the retro-orbital route. Serum was acquired
after centrifugation at 10,000g for 5 min and stored at —20 °C until use.

Systemic mRNA delivery

Mice were i.v. injected with 100 pl of mLuc-loaded LNPs (2 ug mRNA per mouse). In vivo
bioluminescence imaging was performed at 4 h post-injection as described above. The mice
were euthanized, and major organs (heart, liver, spleen, lung and kidney) were acquired for
ex vivo bioluminescence imaging immediately.

For systemic FGF21 mRNA delivery, mice were i.v. injected with 100 pl of FGF21
mRNA-loaded LNPs (5 ug mRNA/mouse). Serum was collected at 0, 6 and 24 h post-
injection and stored at —20 °C until analysis of FGF21 by ELISA (R&D, #DF2100). Liver
function was examined by measuring the activities of serum aspartate aminotransferase
(Cayman, #701640) and serum alanine aminotransferase (Cayman, #700260). Thirteen
mouse cytokines were examined using a LEGENDplex multi-analyte flow assay kit
(BioLegend, #740621) according to the manufacturer’s instructions. Major organs were
collected at 24 h post-injection and processed for histological examination after stained with
haematoxylin and eosin (H&E).

Lung-targeted and spleen-targeted mRNA delivery mLuc delivery.

To use 12T-014 as a fifth component to navigate liver-tropic LNP to transfect the lung,
MC3/12T-014 LNP with a total lipid:mRNA weight ratio of 40 was i.v. injected at a dose
of 2 ug mLuc per mouse. Lung-targeted MC3/DOTAP LNP was used as a control. To
optimize MC3/12T-O14 LNP formulation for spleen targeting, MC3/12T-O14 LNPs with
different total lipids:mRNA weight ratios (40, 20, 10 or 5) were i.v. injected at a dose of 2
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ug mLuc per mouse. In vivo and ex vivo bioluminescence imaging were performed at 4 h
post-injection.

Cre mRNA delivery and flow cytometry.

Lung-tropic MC3/12T-O14 LNP with a total lipids:mRNA weight ratio of 40 was i.v.
injected into Ai6 mice at a dose of 5 ug Cre MRNA per mouse. Lung-SORT LNP

was used as a control. Mice were euthanized on day 2, and lungs were collected. The
lungs were digested with 1.5 mg mI~1 collagenase A (Sigma, #COLLA-RO) and 0.1 mg
mi~1 DNase | (Sigma, #10104159001) for 1 h, filtered through 70-um cell strainers in
complete DMEM, centrifuged, and the RBCs were lysed in ACK lysis buffer to obtain
a clear single-cell suspension. The samples were stained with live/dead aqua for 5 min,
blocked using anti-mouse CD16/32 antibody for 20 min, and strained extracellularly for
30 min using antibodies. The cells were washed in FACs buffer and fixed with 300 pl
(1%) paraformaldehyde. The samples were analysed on a BD LSR |1 system equipped
with four laser lines and 18 photomultiplier tubes. The gating strategy for endothelial
cells (PECAM™), macrophages (CD11b*), monocytes (CD64"), neutrophils (Ly6G*) and
DCs (CD11c"), as well as the antibody list and catalogue numbers, are provided in
Supplementary Fig. 22.

Spleen-tropic MC3/12T-O14 LNP with a total lipids:mRNA weight ratio of 10 was i.v.
injected into Ai6 mice at a dose of 5 ug Cre MRNA per mouse. Spleen-SORT LNP

was used as a control. Mice were euthanized at 2 d post-injection, and spleens were
collected. The spleens were processed, filtered through 70-um cell strainers in complete
DMEM, centrifuged, and RBCs were lysed in ACK lysis buffer to obtain a clear single-cell
suspension. The samples were stained and analysed as described above. The gating strategy
for leukocytes (CD45%), macrophages (CD11b*), monocytes (CD64™), neutrophils (Ly6G*)
and DCs (CD11c*), as well as the antibody list and catalogue numbers, are provided in
Supplementary Fig. 25.

Lung-targeted Cas9 mRNA/sgTTR co-delivery.

Cas9 mRNA and sgTTR (4:1, wt:wt) were encapsulated into MC3/12T-O14 LNP at a total
lipids:RNA weight ratio of 40. C57BL/6 mice were i.v. administrated with this lung-tropic
MC3/12T-014 LNP on days 0, 1, 3 and 4 (four injections; in total, 1 mg kg™1). On day 7,
lungs were collected to determine the indels of 77/ by NGS or processed for histological
examination after staining with H&E. Lung-SORT LNP was used as a positive control for
lung gene editing. MC3 LNP was used as a positive control for liver gene editing and as

a negative control for lung gene editing. For 77R on-target DNA sequencing, DNA was
extracted using the Qiagen Puregene Tissue Kit (#158063) and quantified using a NanoDrop
2000 system. Polymerase chain reaction (PCR) amplification of the 77R 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 sequencing of the 77R
amplicons and determination of the on-target indel frequency were performed essentially as
described, except that 150-bp pair-end reads were produced0.
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Spleen-targeted mRNA vaccine delivery.

SARS-CoV-2 Spike mRNA was encapsulated into MC3/12T-O14 LNP at a total
lipids:mRNA weight ratio of 10. C57BL/6 mice were i.v. administrated with this spleen-
tropic MC3/12T-014 LNP twice (2 pg of mRNA each) using a prime—boost strategy with
a three-week interval. Spleen-SORT LNP was used as a control. Serum was collected for
analysis.

Determination of anti-Spike 1gG titres using ELISA

First, 96-well clear polystyrene high bind Stripwell microplates (Corning) were coated
overnight with 1 pg mI~1 purified SARS-CoV-2 His tagged Spike protein (Sino Biological,
#40589-VV08H8). The plates were washed once with wash buffer (0.05% Tween-20 in PBS),
then blocked for 2 h at r.t. using a solution of heat-inactivated, |lgG-depleted, protease-free
bovine serum albumin (BSA, 2% wt/vol, in PBS). After blocking, the plates were washed
three times, and mouse sera were serially diluted in the blocking solution and incubated for
2 hat r.t. The plates were washed three times before the addition of horseradish peroxidase-
conjugated anti-mouse secondary antibody specific to 1gG (1:10,000, Abcam, #ah97040)

in blocking buffer. The plates were incubated for 1.5 h, then washed three times before

the addition of 100 pl per well of 3,3",5,5"-tetramethylbenzidine substrate for 8 min. The
reaction was stopped by adding 50 pl of 2 N sulfuric acid, and the absorbance was measured
at 450 nm using a SpectraMax 190 microplate reader. The Spike-specific 1gG end-point
dilution titre was defined as the highest dilution of serum to give an optical density (OD)
greater than the cutoff OD value determined using the Frey method®2.

SARS-CoV-2 pseudovirus neutralization assay

A pseudovirus neutralization assay was performed using a lentivirus-based system
expressing the D614G Spike protein (Integral Molecular, #RVP-702L). HEK-293/ACE-II
cells were seeded at a density of 20,000 cells per well in 96-well plates overnight. Serum
samples were serially diluted in RPMI-1640 medium and incubated with an equivalent
volume (1:1, vol/vol) 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 ul)
was then added to the HEK-293/ACE-I1 cells and incubated for 48 h. Luciferase expression
was evaluated by the Renilla-Glo Luciferase Assay System (Promega, #E2710) according
to the manufacturer’s protocols. The neutralization titre 50% (NTsg) was determined as the
greatest serum dilution at which the luminescence was reduced by 50% relative to control
cells treated with the pseudovirus in the absence of serum. NTs titres for each sample were
measured in two technical replicates performed on separate days.

Statistical analysis

Data are presented as mean + s.d. Student’s £test or one-way analysis of variance (ANOVA)
followed by Tukey’s test were used for comparison between two groups or among multiple
groups, respectively. Probability 2 < 0.05 was considered to be statistically significant.

Nat Chem. Author manuscript; available in PMC 2024 October 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Han et al.

Page 17

Reporting summary

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

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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A Tandem multi-component reaction (amine-thiol-acrylate conjugation)
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Fig. 1 |. Fast and facile synthesis of AID-lipids via T-MCR for mRNA delivery.
a, T-MCR based on amine-thiol-acrylate conjugation between amines, Traut’s reagent

and alkyl acrylates. The reaction scheme and mechanism of T-MCR, as well as the
chemical structures of amines 1-25 and alkyl acrylates O9-016 are shown. b, Scheme

of the formulation and application of mMRNA-loaded LNPs. AID-lipid-formulated LNPs
mediate delivery of mRNA-based vaccines as well as protein replacement and gene-editing
therapeutics to target tissues. The schematic in b was created with BioRender.com.
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Fig. 2 |. High-throughput synthesis and screening of AID-lipids.
a, Fast and high-throughput synthesis of 100 AID-lipids. All reactions were performed

separately and simultaneously in 1.5-ml Eppendorf tubes using ultrasound-mediated mixing
for 1 h. b, AID-LNPs mediated mLuc transfection in vitro (7= 2 biologically independent
samples, initial screening). mLuc-loaded AID-LNPs were formulated by pipette mixing and
used to transfect HepG2 cells at a dose of 15 ng mRNA per well for 24 h. The performance
was evaluated based on luminescence readout (>100,000 units, outstanding; 1,000-100,000
units, acceptable). ¢, Luciferase expression as a heatmap. d, Distribution of outstanding
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AID-lipids based on amines. e, Analysis of relative hit rates (percentage in the group

with >100,000 units — percentage in library) based on amine subclasses. f, Distribution of
outstanding AID-lipids and analysis of relative hit rates based on acrylate tails. g, The top
eight AID-LNPs mediated dose-dependent mLuc transfection in vitro (7= 2 biologically
independent samples, initial screening). HepG2 cells were treated with 3.7, 7.5 or 15 ng
mRNA per well for 24 h. h, The top eight AID-LNPs mediated mRNA delivery in vivo (n
= 2 biologically independent samples, initial screening). AID-LNPs were i.m. injected into
mice (2 ug mLuc per injection) and the total flux of luminescence at the injection site was
quantified at 4 h post treatment. A representative in vivo bioluminescence image is shown.
Data are presented as means.
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Fig. 3 |. Characterization and in vitro evaluation of 12T-O14 LNP.
a, Characterization of 12T-O14 LNP (n7= 3 biologically independent samples). 12T-O14

LNPs were formulated either in citrate buffer (10 mM, pH 3.0) or PBS buffer (10 mM, pH
7.4). b, Representative cryo-EM image of 12T-O14 LNP. Scale bar, 50 nm. ¢, Cytotoxicity
of LNPs (7= 3 biologically independent samples). HepG2 cells were treated with the
indicated mRNA dose for 24 h. The dashed line indicates 80% cell viability. d, LNPs
mediated mLuc transfection in vitro (/7= 3 biologically independent samples). HepG2
cells were treated with the indicated mMRNA dose for 24 h. e, Representative CLSM
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images of cellular uptake. HepG2 cells were treated with DiO-labelled LNPs for 2 h

before staining with LysoTracker Deep Red and Hoechst 33342 for imaging. Scale bars,

20 um. f, Chemical structures of cationic lipids and the proposed mechanism of benzene
ring-mediated cone-shape formation. 12T-O14 adopts a more conical shape due to the
existence of the bulky benzene ring, which acts as a wedge to increase the distance
between the two tails. Consequently, 12T-O14 forms a more cone-shaped ion pair with

the anionic membrane phospholipid, which can enhance endosome disruption. g, Structural
illustration of cationic lipids. h, Critical packing parameters of cationic lipids calculated
based on molecular dynamics simulations. i, Haemolysis of LNPs at pH 7.4 or 6.0 (n=3
biologically independent samples). RBCs were incubated with LNPs at 37 °C for 1 h before
the supernatant was transferred into a clear 96-well plate (left) to determine the absorption
at 540 nm (right). Data are presented as mean £ s.d. In ¢, d and i, one-way ANOVA with
Tukey’s correction was used.
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Fig. 4 ]. 12T-O14 enables local mRNA vaccine and systemic mRNA drug delivery.
a, In vivo bioluminescence imaging of mice after LNP-mediated local mLuc delivery (n=3

biologically independent samples). LNPs were i.m. injected into mice (2 ug mLuc/injection)
and the total flux (photons per second (p s~1)) of luminescence at the injection site was
quantified at 4 h post treatment. b, LNP-mediated SARS-CoV-2 Spike mRNA vaccine
delivery (n= 5 biologically independent samples). Mice were i.m. vaccinated twice using
a prime—boost strategy with a three-week interval. Anti-Spike 1gG titres were determined
by ELISA. c,d, In vivo (c) and ex vivo (d) bioluminescence imaging of mice after LNP-
mediated systemic mLuc delivery (n7= 3 biologically independent samples). LNPs were i.v.
injected into mice (2 pg mLuc per mouse) and the total flux of whole body or excised
organs was quantified at 4 h post treatment. e, LNP-mediated FGF21 mRNA delivery (n=
3 biologically independent samples). LNPs were i.v. injected into mice (5 pg mRNA per
mouse), and serum FGF21 concentration was determined by ELISA. Data are presented

as mean * s.d. In a—e, one-way ANOVA with Tukey’s correction was used. Schematic
components in b and e were created with BioRender.com.
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Fig. 5]. 12T-O14 redirects liver-tropic LNPs to selectively target lung or spleen.
a, In vivo and ex vivo bioluminescence imaging (left) of mice treated with mLuc-loaded

MC3/12T-014 LNP or MC3/DOTAP LNP (= 3 biologically independent samples). LNPs
with a total lipids:mRNA weight ratio of 40:1 were i.v. injected into mice (2 ug mLuc

per mouse), and the total flux of the lung was quantified at 4 h post treatment (right).

He, heart; Li, liver; Sp, spleen; Lu, lung; Ki, kidney. b—d, In vivo (b,c) and ex vivo (b,d)
bioluminescence imaging of mice treated with mLuc-loaded MC3/12T-O14 LNP (n=3
biologically independent samples). LNPs with different total lipids:mRNA weight ratios
were i.v. injected into mice (2 ug mLuc per mouse), and the total flux of the region of
interest (ROI) was quantified at 4 h post treatment (c). In c, the total flux at the liver region
for MC3 LNP, the lung region for MC3/12T-O14 LNP (40:1), the lung plus spleen region for
MC3/12T-014 LNP (20:1) and the spleen region for MC3/12T-O14 LNP (10:1) is plotted.
MC3 LNP was used as a positive control for liver transfection. The dashed lines indicate
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a total flux of 1 x 108 p s71. e, Schematic illustration of 12T-O14 supplementation and
lipids:mRNA weight ratio manipulation enabling selective lung and/or spleen transfection.
Data are presented as mean + s.d. In a, an unpaired two-tailed Student’s #test is used.
Schematic components in e were created with BioRender.com.
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Fig. 6 |. 12T-O14 redirects liver-tropic LNPs to deliver functio

nal mMRNAs to non-liver cells.

a, Schematic illustration of Cre-mediated genetic recombination to turn on ZsGreenl in Ai6
mice. b, Flow cytometry analysis of ZsGreenl1* cells within defined cell-type populations
of the lung after Cre mRNA delivery (/7= 3 biologically independent samples). Cre mMRNA

(5 ug per mouse) was delivered into Ai6 mice by lung-trop

ic MC3/12T-O14 LNP or lung-

SORT LNP via i.v. injection. On day 2, mice were euthanized and lungs were collected for

analysis. ¢, CRISPR/Cas9-mediated gene editing in the lun
samples). Cas9 mRNA and sgTTR (4:1, wt:wt) were co-de
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lung-tropic MC3/12T-O14 LNP or lung-SORT LNP via four i.v. injections at a total RNA
dose of 1 mg kg~1. On day 7, lungs were collected to determine the indels of 77/ by NGS.
d, Flow cytometry analysis of ZsGreenl1* cells within defined cell-type populations of the
spleen after Cre mRNA delivery (/7= 3 biologically independent samples). Cre mRNA (5

ug per mouse) was delivered into Ai6 mice by spleen-tropic MC3/12T-O14 LNP or spleen-
SORT LNP viai.v. injection. On day 2, mice were euthanized and spleens were collected
for analysis. e-g, SARS-CoV-2 Spike mRNA vaccine delivery (e) and antibody responses (7
= 3 biologically independent samples) (f,g). C57BL/6 mice were i.v. vaccinated twice with
spleen-tropic MC3/12T-O14 LNP or spleen-SORT LNP using a prime—boost strategy with a
three-week interval. Anti-Spike IgG titres were determined by ELISA (f). NAD titres were
determined by a lentivirus-based pseudovirus neutralization assay (g). The neutralization
titre 50% (NTsg) was defined as the greatest serum dilution at which the luminescence was
reduced by 50% relative to control cells treated with the pseudovirus in the absence of
serum. Data are presented as mean + s.d. In a—d, f and g, one-way ANOVA with Tukey’s
correction was used. Schematic components in a—e were created with BioRender.com.
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