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ABSTRACT: lonizable cationic lipid-containing lipid nanoparticles .. Enzyme (o
(LNPs) are the most clinically advanced non-viral gene delivery platforms, "™ R
holding great potential for gene therapeutics. This is exemplified by the tWo  icnass water phase

COVID-19 vaccines employing mRNA-LNP technology from Pfizer/ @.asoin ~weimena
BioNTech and Moderna. Herein, we develop a chemical library of ionizable % :core —
cationic lipids through a one-step chemical-biological enzyme-catalyzed © "=

esterification method, and the synthesized ionizable lipids were further
prepared to be LNPs for mRNA delivery. Through orthogonal design of
experiment methodology screening, the top-performing AA3-DLin LNPs
show outstanding mMRNA delivery eficacy and long-term storage capability.
Furthermore, the AA3-DLin LNP COVID-19 vaccines encapsulating SARS-
CoV-2 spike mRNAs successfully induced strong immunogenicity in a
BALB/c mouse model demonstrated by the antibody titers, virus challenge,
and T cell immune response studies. The developed AA3-DLin LNPs are an
excellent mRNA delivery platform, and this study provides an overall perspective of the ionizable cationic lipids, from aspects
of lipid design, synthesis, screening, optimization, fabrication, characterization, and application.
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acute respiratory syndrome coronavirus 2 (SARS-

CoV-2), was a global catastrophe for public health and
resulted in millions of deaths over the past two years. In
response, COVID-19 vaccines were developed for preventing
the spread of coronavirus, diminishing symptoms of the
disease, and saving lives. The most effective COVID-19
vaccines were developed by Pfizer-BioNTech® and Moderna®
using mRNA lipid nanoparticle (nRNA-LNP) technology, and
their success truly solidifies the significant impact of mRNA-
LNP therapy as a groundbreaking technology in human public
health.® This provides enormous avenues for mRNA-LNP gene
therapy platforms to treat diseases by expressing antigenic or
therapeutic proteins.* LNPs are the most clinically advanced
non-viral based gene delivery vectors for RNAs and overcome
the major barrier preventing the development of genetic
therapy.>™® In general, the FDA-approved LNP formulations
contain ionizable cationic lipids, cholesterol, phospholipids,
and PEGylated lipids, each with specialized functions
indispensable to RNA delivery.>™®° It is worthwhile to note
that the ionizable cationic lipid is the most essential material,
specifically because it determines the MRNA transfection
eficacy and by extension the therapeutic effects.*™® lonizable

C oronavirus disease (COVID-19), caused by severe
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cationic lipids with acid dissociation constant (pK,) less than 7
are developed to be protonated at acidic pH environment, and
the positive charges can condense negatively charged mRNA
via electrostatic interactions while simultaneously promoting
self-assembly to encapsulate mRNA, forming LNPs.*"%° This
characteristic allows these lipids to be neutrally charged at
physiological conditions, improving stability and preventing
systemic toxicity.®™** Once taken up by the cells, the LNPs are
again positively charged in the acidic endosomal environment,
which destabilizes the ionic endosomal membrane, facilitating
the cytosolic release of mRNA for protein translation.’
lonizable cationic lipid mediated mRNA-LNP delivery plat-
forms have exhibited great potential in the field of nano-
particle-mediated vaccines,™? gene editing,>** and cancer
therapy.'>*® Consequently, to fully realize the effectiveness of
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Figure 1. A schematic to illustrate the enzyme-catalyzed synthesis of ionizable cationic lipids for developing lipid nanoparticle-based mRNA

COVID-19 vaccines.

mRNA therapeutics, developing high-performing ionizable
cationic lipids for mRNA delivery is of great importance for
next-generation gene therapeutics.

The FDA-approved ionizable cationic lipids such as DLin-
MC3-DMA (MC3),” ALC-0315,'7 and SM-102"® are synthe-
sized through multistep reactions and present drawbacks such
as a low chemical yield especially after multiple post-reaction
processes.”*® Moreover, most published lipid-like materials are
synthesized through Michael addition or epoxide ring-opening
reactions, which makes the resulting lipid-like materials non-
biodegradable with potential cytotoxicity.’>*°722 To this end,
we aim to develop a strategy for high-eficiency synthesis of
biodegradable ionizable cationic lipids for use in mRNA-LNP
delivery platforms.

Enzyme-assisted chemical reactions have been widely
employed in laboratory and industrial processes since enzymes
are non-toxic, eco-friendly, recyclable biocatalysts; in partic-
ular, Candida antarctica Lipase B (CALB) is a frequently used
high-eficiency biocatalyst in organic syntheses such as
esterification and transesterification.2>"2” Herein, we have
utilized a chemical and biological tool, the enzyme catalyst
Candida antarctica Lipase B, to synthesize a chemical library of
degradable ionizable cationic lipids using amino alcohols and
lipid acids, resulting in 144 lipid-like materials with high
chemical yield and purity. Notably, this method provides a
clean and eco-friendly chemical reaction avoiding corrosive
catalysts used in conventional esterification, and the enzyme
can be recycled for repeated use with minimized pollution to
fulfill the principles of “Green Chemistry”. Through high-
throughput screening, the top-performing ionizable lipid was
determined to be AA3-DLin, which is rationally designed to be
composed of two unsaturated linoleic lipid chains, two tertiary

amine head groups from piperazine which can provide enough
positive charge to condense the gene payloads in acidic buffer,
and two biodegradable ester linkers.® To further investigate the
optimized AA3-DLin LNP formulation, an orthogonal design
of experiment (DoE) methodology was employed to fine-tune
the molar ratios of AA3-DLin, DOPE, cholesterol, and DMG-
PEG.?>?® The optimized AA3-DLin LNP formulation shows
much improved transfection eficacy over MC3 LNPs
(Alnylam)*’” and ALC-0315 LNPs (Pfizer/BioNTech),?’
which are FDA-approved LNP formulations. Additionally,
the AA3-DLin LNP formulations present an excellent capacity
for long-term storage shown in the fact that mMRNA-LNPs
could be frozen for 12 months without transfection eficacy
reduction at =20 °C. Furthermore, both fresh and 12-month
frozen AA3-DLin COVID-19 vaccines elicit robust spike
protein antibody titers and Thl-biased T cell responses in
BALB/c mice (Figure 1). These results demonstrate the
advantages of enzyme-catalyzed reactions for developing
ionizable cationic lipids, and the great potential of AA3-DLin
LNP delivery platforms for next-generation mRNA therapeu-
tics.

RESULTS

Design, Synthesis, and Screening of lonizable
Cationic Lipid Library. The ideal ionizable cationic lipid is
composed of three parts: (1) hydrophilic ionizable amine
headgroups for condensing the mRNA, (2) hydrophobic
hydrocarbon chains capable of promoting self-assembly and
phospholipid membrane fusion, and (3) biodegradable linkers
connecting the headgroups with hydrocarbon chains, enabling
safe clearance after mRNA delivery (Figure 2A,B).2°3° we
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Figure 2. Synthesis and screening of the lipid-like materials. (A) The synthesis of AA3-DLin through enzyme-catalyzed esterification. (B) A
schematic to illustrate the rational design of ionizable cationic lipid. (C) Chemical structure of amino alcohols and lipid acids used in the
synthesis of lipid-like materials. (D) The chemical structures of 18*8 lipid-like materials where “R” represents different saturated or
unsaturated alkyl chains. (E) Luciferase expression heat map of mLuc-loaded LNPs. The LNPs were prepared with different lipid-like
materials. X-axis represents different amino alcohols. Y-axis displays different lipid acids used for synthesis. All the LNPs were prepared with
synthesized lipids, DOPE, cholesterol, and DMG-PEG with a molar ratio of 50:10:38.5:1.5 and a 1:20 weight ratio of mRNA to lipid (wt./

wt.). All the transfection experiments were repeated in triplicate, and the expression heat map was generated by mean values.
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Figure 3. Orthogonal design of experiment methodology for screening the optimized formulation of AA3-DLin LNPs. (A) A schematic
illustrates the four components of AA3-DLin LNPs for Design of Experiment (DoE) calculation. Two L 4 (4%) orthogonal tables were
employed to guide the optimization of LNP formulations. (B) Details of LNP formulations in Library A for first-round optimization,
including the determinate molar ratios of each component in AA3-DLin LNPs. (C) Molar ratios of the orthogonally designed AA3-DLin
LNPs in Library A. (D) Details of LNP formulations in Library B for second-round optimization. (E) Molar ratios of the orthogonally
designed AA3-DLin LNPs in Library B. (F) The transfection eficacy and cell viability of different AA3-DLin LNP formulations in Library A
with MC3 LNPs, ALC-0315 LNPs and lipofectamine 3000 were evaluated on Hek 293 cells. (G) The transfection eficacy and cell viability of
LNP formulations in Library B were evaluated on Hek 293 cells. (H) The composition of the top-performing AA3-DLin LNP formulations. (1)

The composition of the worst-performing AA3-DLin LNP formulations.

Cell viability data were normalized to control groups.

Experiments were carried out in triplicate to get results. Data are displayed as mean + SD.

rationally designed a chemical structure library of ionizable
cationic lipids where the ionizable amine headgroups
originated from amino alcohols and the hydrocarbon chains
were derived from lipid acids (Figure 2C). Through CALB

18939

enzyme-assisted reaction, the hydroxyl groups were reacted
with carboxylic acids via a one-step high-eficiency esterifica-
tion, and a library of 18*8 lipid-like materials was synthesized
by varying amino alcohols and lipid acids (Figure 2D).%* The
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Figure 4. Fabrication and characterization of AA3-DLin LNPs prepared by microfluidic device. (A) A general schematic illustration of AA3-
DLin LNP fabrication through microfluidic mixing with the following preparation processes. (B) Formulation of AA3-DLin LNPs where the
organic phase contains AA3-DLin, DOPE, cholesterol, and DMG-PEG, the water phase contains the mRNA of interest in NaOAc buffer (25
mM, pH 5). (C) The determinate AA3-DLin LNP formulation after orthogonal DoE screening. (D) A schematic illustration of the AA3-DLin
LNP structure: the outer layer is composed of four components listed and the mRNAs were encapsulated inside LNPs via electrostatic
interactions. (E) TEM image of AA3-DLin LNPs stained by uranyl acetate solution (scale bar: 100 nm). (F) The molar percentage of the
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Figure 4. continued

optimized AA3-DLin LNP formulation. (G) Characterizations of AA3-DLin LNPs fabricated by a microfluidic device with different syringe
pump rates. The LNP size can be controlled by varying the pump rates. (H) Characterization summary of the optimized LNPs prepared
through microfluidic device under high pump rate, with a molar ratio of 40:40:25:0.5 (AA3-DLin/DOPE/cholesterol/DMG-PEG). (1) The pK
valye of AA3-DLin LNPs, defined as the pH at half-maximal fluorescence intensity. Experiments were carried out for three times to get results.

Data are presented as mean = SD.

mechanism of CALB-catalyzed esterification is described in
Figure S1.3%32 Notably, the one-step CALB enzyme-catalyzed
esterification led to a high-throughput and eco-friendly
synthesis of the lipid-like material library with high chemical
yield and product purity (Table S1). We preliminarily
fabricated these lipid-like materials to form LNPs at a molar
ratio of 50:10:38.5:1.5 (ionizable lipid: DOPE: cholesterol:
DMG-PEG). We chose this molar ratio initially because it is
the most widely used to deliver mRNA.”® We then proceeded
to deliver luciferase encoded mRNA (mLuc) in vitro and
generated a luciferase expression heat map using the
formulated LNPs (Figure 2E). The top-performing lipid was
screened and termed AA3-DLin which was chemically
composed of 1,4-Bis(2-hydroxyethyl) piperazine amine head-
groups connected with two linoleic lipids by ester linkers
(Figure 2A). The AA3-DLin lipids were successfully
synthesized by high-eficiency CALB-catalyzed esterification
with 85% chemical yield and 96% purity without detectable by-
product and further characterized by electrospray ionization
(ESI) mass spectrometry, which showed a strong, clear, and
single peak denoting AA3-DLin with molecular weight (MW)
of 699 (Figure S2). Furthermore, nuclear magnetic resonance
(NMR) spectroscopy and Fourier-transform infrared spectros-
copy (FTIR) revealed the chemical structure of AA3-DLin
accordingly in Figure S3 and S4. Additionally, the AA3-DLin
lipids were further synthesized by traditional esterification
catalysts, concentrated H,SO, and DMAP. The chemical yield
of concentrated H SO, catalyzed AA3-DLin and DMAP
catalyzed AA3-DLin are B45% and [72%, respectively
(Table S1).*83% These results showed the superiority of
CALB enzyme in catalyzing the synthesis of AA3-DLin lipids.
Screening of AA3-DLin LNP Formulation by Orthog-
onal Design of Experiment Methodology. The mRNA
delivery eficacy is not solely determined by the ionizable
cationic lipid; the ratio of these four ingredients in the LNPs
can also exert a significant effect. Therefore, to optimize the
AA3-DLin LNP formulation, an orthogonal design of experi-
ment (DoE) methodology was carried out to fine-tune the
molar ratios of AA3-DLin, DOPE, cholesterol, and DMG-PEG
(Figure 3A).2%%%3%35 The orthogonal design was used to
screen 256 (4%) possible LNP formulations by combining four
excipients of AA3-DLin, DOPE, cholesterol, and DMG-PEG
with 16 formulations and evaluate four components with only
16 typical combinations. For the first-round optimization
(Library A), the relative molar ratios and molar percentages of
the four components in LNP formulation are described in
Figure 3B,C, respectively. Briefly, formulations were prepared
with the following ratios of AA3-DLin (20 to 50): DOPE (10
to 40): cholesterol (20 to 35): DMG-PEG (0.5-5), and a fixed
1:20 (wt./wt.) weight ratio of mMRNA to AA3-DLin. To further
screen the formulation, a second round of optimization
(Library B) was conducted where the relative molar ratios
and molar percentages were fine-tuned as described in Figure
3D,E. The physiochemical characterizations and detailed
formulations of the orthogonally designed LNPs are described

in Table S2-S7. The mLuc was used as a quantitative reporter
signal to evaluate the transfection eficacy of LNPs on Hek 293
cells with the FDA-approved MC3 LNPs,” ALC-0315 LNPs,*®
and commercial lipofectamine 3000 as control groups.

From the analysis of Figure 3F,G, we found that increasing
the proportion of DMG-PEG dramatically lowers the trans-
fection eficacy of AA3-DLin LNP in vitro. However, the
DMG-PEG is also very important for LNP transfection in vivo
as it prevents immune system detection of LNPs.> Therefore,
to enhance AA3-DLin LNP transfection eficacy, DMG-PEG
was optimized to 0.5 (molar ratio) in the AA3-DLin LNP
formulation. Notably, all the top-performing formulations have
relatively high proportions of AA3-DLin and DOPE such as
A12, A7, Al14, and Al (Figure 3H), and all the worst-
performing formulations have low proportions of AA3-DLin
such as B3, B4, B5, and B6 (Figure 3l). Different from the
FDA-approved siRNA-LNP formulations that frequently
require high proportions of ionizable cationic lipids and low
proportions of phospholipids,”® we found that a high
proportion of both ionizable cationic lipids (AA3-DLin) and
phospholipids (DOPE) dramatically enhances the mRNA
transfection eficacy in vitro. We hypothesize that a high
proportion of fusogenic DOPE facilitates LNP fusion into cells
by adopting an inverted hexagonal H(Il) phase which
facilitates endosomal release of encapsulated mRNA by
destabilizing endosomal membranes to enhance the protein
translation.*>*%3* Consequently, through high-throughput
screening, the A12 formulation with a molar ratio of
40:40:25:0.5 (AA3-DLin/DOPE/cholesterol/DMG-PEG)
was determined to be the optimized formulation of AA3-
DLin LNPs which showed a 6-fold, 3-fold and 2-fold higher
transfection eficacy than MC3 LNPs, lipofectamine 3000 and
ALC-0315 LNPs in vitro, respectively (Figure 3F). Moreover,
degradability is an essential characteristic of lipids which
improves biosafety and lowers cytotoxicity. The data showed
that AA3-DLin is a degradable material in aqueous PBS (pH
7.4) solution via hydrolysis of ester bonds (Figure S5). No
cytotoxicity was observed for any of the AA3-DLin LNP
formulations after 1 day post-transfection at 1:20 weight ratio
of mMRNA to AA3-DLin (wt./wt.), which demonstrated the
excellent biosafety of AA3-DLin LNPs (Figure 3F,G).

Microfluidic Fabrication and Characterization of
LNPs. Besides the ionizable cationic lipid and the LNP
formulation ratios, the nanoparticle size also affects the
transfection eficacy and vaccine immunogenicity.® Micro-
fluidic-chip device is a LNP fabrication method used to obtain
uniform nanoparticles (Figure 4A).3” AA3-DLin, DOPE,
cholesterol, and PEGylated lipid were dissolved separately in
ethanol at 10 mg/mL and mixed at a molar ratio of
40:40:25:0.5 to obtain the organic phase (Figure 4B,C,F).
Additionally, the mRNA water phase was prepared by
dissolving the mRNA of interest in sodium acetate (NaOAc)
buffer. The volume ratio of lipid organic phase to mRNA
aqueous phase was fixed at 1:3 (v./v.) and separately loaded
into different syringes. The LNP production process is detailed

https://doi.org/10.1021/acsnano.2c07822
ACS Nano 2022, 16, 18936-18950


www.acsnano.org?ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.2c07822/suppl_file/nn2c07822_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.2c07822/suppl_file/nn2c07822_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.2c07822/suppl_file/nn2c07822_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.2c07822/suppl_file/nn2c07822_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.2c07822/suppl_file/nn2c07822_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.2c07822/suppl_file/nn2c07822_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.2c07822/suppl_file/nn2c07822_si_001.pdf
https://doi.org/10.1021/acsnano.2c07822?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano WwWWw.acsnano.org

B (o4

= 24h =48h w72h —=—AA3-DLin LNPs
S 100 —e—MC3 LNPs
w ——ALC-0315 LNPs
% 80 15000 —v— Naked mRNA
o
2 60
=] T 10000
3
g 40 s
g 20 5000
&
g oo

S $° <° & 0

X

é}‘“ \o"é o”-‘& \,,\9 24 48 72
& YL Time (h)
G G W W

D

2.
2.
m
M

N ° @* K787 c
& LSS
6& S I\ 2 —=— Fresh LNPs
N B AT @ —e— 12 months frozen stored LNPs
& <% @ 16
g 10
@ o8 [ 0% sucrose g 12
? 0.6 O 5% sucrose >
E . M 10% sucrose 5
o 04 B 20% sucrose c 8
£ o2 B 40% sucrose g
3 ~ 4
2 00
S 5l 5l Y] 1Y 3
& Y Y N o4
& ,\\A? S & 10 100 1000
oé“\ *OQ‘\\ é"‘\\« é\\\“' \,5"-59 Size (d.nm)
0«\ ° (‘x\o o
~ & &
% %k %k %k
| J
19y
G Fresh LNPs 10 ey
= f r 1 0
0 £
s : 1
3 S
= ] _ =
¢y g 1 £
\3 © ©
10 ] s
o
e e
T i
0 8 107-
O WO O O o2
S Qby 8 v 639 (\\?
& i . O
Y N2 2 V'
== SSHFEP
06 S A
7 AR RTINS
x10 Y v & @6
H 12-month frozen stored LNPs - = <
6h L Kg L
04 oS 1104 110
S &
N e
£ 100 2 100 E—Fi\i\i
9 N =
02 % < =
. § 90 ] 90 L
plsecjcm™2fsr =
id E g
-~ - 80_
2 %7« wwPsatac k- - LNPsatd°C
2 -# LNPsat 25 °C '3 -# LNPsat25°C
% 70 T T T T T 70 T T T T T
[v4 1d 3d &5d 7d 9d 1d 3d 5d 7d 9d

Figure 5. Comprehensive evaluation of AA3-DLin LNPs. (A) The fluorescence images and flow cytometry results of mCherry-positive Hek
293 cells transfected by AA3-DLin LNPs. (B) Summary of mCherry-expressing cell population transfected by different LNP formulations. (C)
MFI of mCherry-expressing cells based on the flow cytometry results. (D) The mRNA binding analysis was characterized by agarose gel
electrophoresis for both fresh and 12-month frozen stored AA3-DLin mRNA-LNPs. (E) Transfection evaluation of 12-month stored
mCherry-LNPs in vitro, the data were summarized by flow cytometry and normalized to fresh LNPs. (F) The comparison of AA3-DLin LNP size
and distribution between fresh and 12-month frozen stored LN P formulations. (G) Bioluminescence images of fresh mLuc-LNPs (n = 3) treated
BALB/c mice and (H) 12-month frozen mLuc-LNPs. (1) Summary of luciferase expression generated by different 12-month stored mLuc-LNP
formulations in vivo, the luciferase expression was recorded after 6 h post-injection. (J) Comparison of the transfection eficacy of different
FDA-approved LNP formulations. The luciferase expression was recorded after 6 h post-injection. (K) The thermostability evaluation of
AA3-DLin LNPs in vitro. The luciferase expression was recorded after 1 day post-transfection on Hek 293 cell line and the luminescence
intensity was normalized to fresh mLuc-LNPs. (L) The thermostability evaluation of AA3-DLin LNPs in vivo. The luciferase expression was
recorded after 6 h post-injection on BALB/c mice and the total flux was normalized to fresh mLuc-LNPs. Experiments were performed in
triplicate. Data were displayed as means £ SD. The unpaired t test was carried out to analyze the significance difference between two
groups (ns, not significant; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).

in the following steps: (1) the two material phases were animal studies (Figure 4A). In the microfluidic device, the two
pumped and rapidly mixed in the microfluidic channels to phases were rapidly pumped and thoroughly mixed to obtain
obtain uniform LNPs; (2) the resulting LNPs were incubated uniform LNPs through the micro-sized channels where the
at room temperature (RT) for 20 min allowing for mRNA positively charged headgroup of the AA3-DLin lipid can
encapsulation; (3) the LNPs were further dialyzed against electrostatically interact with negatively charged mRNAs in an
1xPBS for 2 h at RT to remove the ethanol. Then the LNPs acidic buffer and allow mRNA encapsulation inside LNPs
were ready for characterization, storage, and administration in (Figure 4D). The TEM image clearly shows that the AA3-
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DLin LNPs have a diameter around 90 nm in particle size
which is consistent with the DLS result (Figure 4E,H).
Additionally, the nanoparticles displayed a uniform compact
spherical shape, and no differences were observed in the
morphology of the AA3-DLin LNPs compared to other
published LNPs 3841

Notably, we observed that the LNP size can be adjusted by
controlling the pump rates. By increasing pump rate to 2400
uL/min for the water phase and 800 uL/min for the organic
phase, the LNPs obtained were 89 nm in size with a 0.128
polydispersity index (PDI). At low pump rates, the resulting
size of LNPs ranged from 114.6 to 156.5 nm. Additionally,
adjusting the pump rates did not distinctly affect the zeta
potential and encapsulation eficacy of the LNPs exemplified
by the fact that all the obtained LNPs have a neutral zeta
potential and more than 90% encapsulation eficacy (Figure
4G). Moreover, the pK, is an important characteristic of the
ionizable cationic lipid which signifies the pH when LNPs are
50% protonated. This indicates the region where LNPs
become cationic and interact with the endosomal membrane
leading to the release of the MRNA to cytoplasm for protein
translation.”**** The pK, of AA3-DLin LNPs was evaluated by
analyzing the fluorescence intensity of 2-(p-toluidino)-6-
napthalene sulfonic acid (TNS). The formulated AA3-DLin
LNPs were titrated from pH 3.0 to 11.0, and an “S” curve was
generated. After a curve-fit analysis, the pk, of AA3-DLin
LNPs was determined to be 5.8, which was the pH value at
50% of maximum fluorescence (Figure 41). Additionally, the
pK, values of top lipid candidates in the material library were
all in the range of 4 to 7 (Figure S6), which shows the
potential for lipids to be protonated in acidic environment for
mRNA delivery and the advantageous design of the
synthesized lipid-like material library.*

Comprehensive Evaluations of AA3-DLin LNPs in
Vitro and in Vivo. Evaluations of AA3-DLin LNP transfection
eficacy were performed in vitro and in vivo, where the
optimized AA3-DLin LNP formulations were prepared by a
microfluidic device with the mMRNA of interest. First, the in
vitro transfection eficacy of AA3-DLin LNPs were evaluated
by delivering mCherry encoded mRNA (mCherry-LNPs) to
Hek 293 cells. The images of mCherry-positive cells were
captured by a fluorescence microscope and further analyzed by
flow cytometry (Figure 5A). The flow cytometry results
showed the percentage of mCherry transfected cells reached
around 78% at 48 h post-transfection, whereas the FDA-
approved MC3 LNPs and ALC-0315 LNPs groups showed the
population of mCherry-expressing cells at 58% and 65%
(Figure 5B). Additionally, the mean fluorescence intensity
(MF1) comparison study of mCherry-expressing cells showed
that the AA3-DLin LNPs outperformed the other LNP groups
(Figure 5C). Next, the mLuc was delivered by the AA3-DLin
LNPs to investigate the transfection eficacy in vivo. The mLuc-
LNPs were intramuscularly injected into BALB/c mice.
Notably, the AA3-DLin LNPs eficiently delivered the mLuc
in vivo and generated strong luciferase expression at 2.35 x 108
total flux (p/s) at 6 h post-injection (Figure 5G). The
comparison studies were performed with FDA-approved MC3
LNPs’ and ALC-0315 LNPs?° through intramuscular injection
of mLuc under same preparation conditions. The total flux was
recorded at 6 h post-injection, and the results demonstrated
that the AA3-DLin LNP formulations outperformed these
commercial FDA-approved LNP formulations (Figure 5J).

We then explored the long-term storage capability of AA3-
DLin LNPs under different storage conditions. Sucrose was
formulated into AA3-DLin LNP as the cryoprotectant to
stabilize LNP structure during storage.*>** Previous reports
showed that sucrose was the most effective cryoprotectant with
high viscosity and low molecular mobility, and serves as a
stabilizer to minimize the van der Waals interaction and
preserve the spacing between the nanoparticles during frozen
storage.”>*>*> A sucrose solution was added to LNPs with final
concentrations of 0-40 wt % and the resulting LNPs were
further lyophilized as dry powder or stored at 4 °C and -20 °C
with a timeline of 12 months. The transfection eficacy of
stored LNPs was characterized in vitro and in vivo with the
fresh LNPs as the positive control. After 12 months at =20 °C,
the frozen (nonlyophilized) mCherry-LNPs with 5 wt %
sucrose showed no reduction in transfection eficacy compared
with the fresh LNPs (Figure S7). However, after 12 months
storage at 4 °C, mCherry-LNPs solution (nonlyophilized)
exhibited a dramatic decrease in transfection eficacy, probably
due to the hydrolysis-mediated degradation of LNPs and
MRNAs. For the lyophilized mCherry-LNPs, the best sucrose
concentration was determined to be 10 wt % after analysis and
the lyophilized LNPs showed a moderate decrease in
transfection eficacy compared to fresh LNP after 12-month
storage at —20 °C (Figure 5E). Furthermore, we characterized
the 12-month stored mLuc-LNPs in BALB/c mice where the
frozen LNPs and lyophilized LNPs were fixed with 5 and 10 wt
% sucrose, respectively. Notably, the frozen mLuc-LNPs
showed no reduction in transfection eficacy compared with
fresh LNPs after 12-month frozen storage at -20 °C (Figure
5H,1) and still generated strong luciferase expression F2.21 x
10® total flux (p/s) at 6 h postadministration. However, the
lyophilized LNPs showed a loss of transfection eficacy, from
2.35 x 10% to 1.02 x 108 total flux (p/s) in vivo over 12 months
(Figure 51). We hypothesize that the oxidization of
unsaturated lipids in the lyophilized LNPs leads to the loss of
transfection eficacy during storage since the degree of
unsaturation of lipids has a positive effect on LNP transfection
eficacy.*®

The agarose gel electrophoresis results demonstrated that
the fresh and 12-month frozen AA3-DLin LNPs bound
mRNAs eficiently at 1:10 weight ratio of mRNA/AA3-DLin
(Figure 5D). Moreover, the 12-month frozen stored mLuc-
LNPs represented excellent stability where the particle size
slightly changed from 89 to 105 nm with no obvious change in
PDI and zeta potential compared to fresh LNPs (Figure 5F).
The nanoparticle stability results showed the AA3-DLin LNPs
maintained mRNA delivery eficacy in vitro and in vivo at 4 °C
for 1 week (Figure 5K,L). Furthermore, the muscular tissue
immunofluorescence assay for proinflammatory biomarker IL-6
and histopathology were evaluated after administration of
AA3-DLin LNP 5 days postinjection. Tissue images indicated
that there was no AA3-DLin LNP induced inflammation
detected after comparison with PBS control groups (Figure S8
and $9).47749

Evaluation of AA3-DLin mRNA COVID-19 Vaccine in
Vitro. AA3-DLin mRNA vaccines were developed by
encapsulating full-length spike protein (Figure S10) encoded
mMRNA.>*%*? The AA3-DLin vaccines were formulated with 5
wt % sucrose and frozen for 12 months at =20 °C before
vaccination studies. The AA3-DLin vaccines delivered spike
mRNA eficiently in the Hek 293 cells with strong spike
protein expression demonstrated by Western Blot and
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Figure 6. Immunogenicity of AA3-DLin COVID-19 vaccines. (A) Schematic illustration of mice immunization experimental design. (B)
Western Blot analysis of spike protein expression by AA3-DLin vaccines. (C) Immunofluorescent staining of spike protein after transfection by
AA3-DLin vaccines (scale bar, 50 um). (D) AA3-DLin vaccines induced robust SARS-CoV-2 spike-specific antibody endpoint titers in the
immunized mice. (E) IC,, titers of spike pseudovirus neutralizing antibody. (F) PRNT, titers of AA3-DLin vaccines in the immunized
mouse sera. (G) IFN-y secretion was evaluated using ELISpot assay of the stimulated splenocytes along with representative images of
ELISpot plate wells. (H) The populations IFN-y, TNF-a, IL-2, and IL-4 positive CD4+ and (1) CD8+ T cells in vaccinated mice groups. (J)
Comparison studies of spike-specific antibody generated by different LNP formulations. Spike-specific 1gG endpoint titers (left), spike
pseudovirus neutralizing antibody I1C50 titers (middle) and (PRNT, ) titers (right) were evaluated using AA3-DLin LNPs, MC3 LNPs, and
ALC-0315 LNPs, n = 5. All LNPs were encapsulated with 10 ug spike-encoded mRNA, and serum was collected after second booster
injection at day 28. Data are displayed as means * SD. A one-way ANOVA with multiple comparison tests and unpaired t test for
comparison of two groups were used to analyze the statistical significance (ns, not significant; *p < 0.05, ¥*p < 0.01, ***p < 0.001, ****p <
0.0001).
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immunofluorescence analysis. The AA3-DLin vaccine trans-
fected lysates exhibited clear full-length spike protein bands at
2180 kDa with GAPDH as the loading control (Figure 6B).
Additionally, the expressed spike protein was also probed by
fluorescence-labeled antibodies (Figure 6C).
Immunogenicity Evaluation of AA3-DLin COVID-19
Vaccine in Vivo. Groups of BALB/c mice (n = 5) were
intramuscularly injected with different mRNA dosages (2 ug
and 10 ug) of 12-month frozen stored and fresh AA3-DLin
vaccines with the empty LNP group as the placebo group. A
prime/boost manner of vaccination was applied to each group
2 weeks apart. The serum samples were collected at preset time
points and the spleens were harvested at the end of
immunization studies (Figure 6A). Moderate SARS-CoV-2
spike-specific antibodies were recognized by enzyme-linked
immunosorbent assay (ELISA) post-prime injection of both
fresh and long-term stored AA3-DLin vaccines after 13 days.
The AA3-DLin vaccines induced geometric mean titers
(GMTs) of antibodies ranging from 808 to 1550. Additionally,
the spike pseudovirus neutralization study demonstrated that
GMTs of neutralizing antibody 50% inhibitory concentration
(1C50) ranged from 176 to 340. On day 14, the booster doses
were administered, and the serum samples were collected at
day 28. The antibody levels increased significantly with a dose-
dependent relationship exemplified by the GMTs of antibodies
rising to 19118 (2 ug) and 181875 (10 ug) (Figure 6D).
Additionally, the pseudovirus IC50 GMTs also showed a dose-
dependent increase and reached 1520 (2 ug) to 7740 (10 ug)
(Figure 6E). Moreover, a 50% plaque reduction neutralization
test (PRNT 0) was performed for the real virus challenge
studies, and tshe results are shown in Figure 6F. It is worthwhile
to note that no obvious spike-specific antibodies were detected
in the empty LNP placebo group. Overall, the GMTs of spike-
specific antibody were actively related with pseudovirus
neutralizing IC50 GMTs as well as PRNT50 antibody titers,
and AA3-DLin vaccines elicit strong spike-specific antibody
responses in the immunized mice after booster injections.
Furthermore, intracellular cytokine staining was performed
to evaluate the T cell immune responses in the immunized
mice. The splenocytes were isolated from vaccinated and
placebo groups of mice following stimulation with peptide
pools which covered the SARS-CoV-2 spike glycoprotein
immunodominant sequence domains. Intracellular cytokine
staining (ICS) and enzyme-linked immunosorbent spot
(ELISpot) were utilized to measure spike-specific T cell
responses. The cell populations of interferon gamma (IFN-y),
interleukin-2 (IL-2), tumor necrosis factor alpha (TNF-a), and
interleukin-4 (IL-4) expressing CD4+ and CD8+ T cells were
characterized by flow cytometric analysis with the indicated
gating strategy (Figure S11). The results showed both fresh
and stored AA3-DLin vaccinated mice present a significantly
higher cell population of IFN-y+, IL-2+, and TNF-a+
cytokine-expressing T cells than the placebo group with a
dose-response relationship (Figure 6H,1). Furthermore, there
is no detectable secretion of IL-4 cytokine in either placebo-
vaccinated mice or AA3-DLin vaccine immunized groups. This
demonstrates that AA3-DLin vaccines successfully elicit Thl-
biased T cell responses in the immunized mice. Additionally,
an IFN-y ELISpot study was further performed, and the IFN-y
spots were counted as 892 (2 ug) and 1190 (10 ug) per 108
splenocytes, which is much higher compared to the placebo
groups as shown in Figure 6G. Moreover, comparison studies
of spike-specific antibodies generated by different LNP

formulations were performed, and the results are shown in
Figure 6J, which showed that the AA3-DLin LNPs out-
performed MC3 and ALC-0315 LNPs in terms of antibody
titers in the vaccinated mice sera.

The COVID-19 pandemic led to the expedited development of
MRNA-LNP delivery platforms for vaccines, gene therapies,
and cell therapies, especially for infectious diseases and
cancer.® lonizable cationic lipids which alter charge density in
different pH environments have been developed to
eficiently deliver gene payloads and solve safety issues of
conventional cationic lipids which trigger toxic pro-apoptotic
and pro-inflammatory effects.”>? Therefore, ionizable cationic
lipids are the most essential component of mMRNA-LNP
delivery platforms, determining the mRNA transfection
eficacy and therapeutic effect. The developed ionizable
cationic lipid AA3-DLin is synthesized through an exquisite
one-step biological enzyme-assisted high-eficiency esterifica-
tion to avoid multiple-step chemical reactions, which are
limited by a low product yield and complicated synthesis/
purification processes. Unlike traditional chemical-catalyzed
methods which suffer from corrosive, hazardous chemicals, and
pollution, CALB-catalyzed processes have many advantages
such as mild temperature reaction conditions, easier product
separation, recyclable enzymes with less pollution, and high
catalytic activity.?*"2”°>>*  These characteristics provide a
high-eficiency, eco-friendly CALB-assisted reaction which
lends itself to environmentally safe scale-up by avoiding
corrosive catalysts and pollution, which fulfills “Green
Chemistry” principles. We believe this CALB enzyme-
catalyzed synthesis method is of great potential to be
generalized for synthesis of ester-bond-containing biodegrad-
able lipids or lipid-like intermediates for gene delivery.

The orthogonal design of experiment methodology was
utilized to screen the most optimized AA3-DLin LNP
formulations, which have both high proportions of AA3-
DLin and DOPE, to maximize mRNA delivery potential.
Moreover, the microfluidic mixing device enables size-
controlled fabrication of AA3-DLin LNPs by adjusting pump
rates to obtain around a 100 nm particle size, which has been
previously reported to induce optimal immunogenicity in
MRNA-LNP vaccine systems.2® In terms of stability evaluation,
AA3-DLin LNPs exhibit improved thermostability at 4 °C for
7 days over the AA3-DLin lipid, which shows a quick
hydrolysis-mediated degradation at 4 °C. We hypothesize
that when the LNPs are formed, the AA3-DLin condenses with
mRNA to become compact nanoparticle structures via
electrostatic interaction, which prevents the hydrolysis of
LNPs due to the resulting nanoparticles providing limited
boundary surface for aqueous solution contact with the AA3-
DLin. Moreover, there is no detectable degradation of AA3-
DLin at =20 °C for at least 14 days and this fact also supports
the long-term storage capability of AA3-DLin LNPs at =20 °C.
The AA3-DLin LNPs are capable of being frozen for 12
months at -20 °C without reduction of mRNA delivery
eficacy, which provides mMRNA-LNP COVID-19 vaccines with
a feasible storage methodology to potentially solve the issues of
ultracold transportation and long-term storage.

This study, although comprehensive, has some limitations.
First, a comparison study of immunogenicity as induced by
commercial mMRNA-LNP vaccines was not performed.
Commercial vaccines utilize optimized gene sequences and
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pseudouridine nucleosides in spike encoded mRNA synthesis,
which shows improved immunogenicity over the wild-type
spike mRNA.>>™>7 This work is mainly focused on using
enzyme-catalyzed chemical-biological synthesis methods to
develop the ionizable cationic lipids for mMRNA delivery, not on
mRNA optimization itself. We did, however, perform
comparison studies, concentrating on characterizing the
luciferase expression in vitro and in vivo by delivering luciferase
mRNA by AA3-DLin LNPs, ALC-0315 LNPs (Pfizer/
BioNTech), and MC3 LNPs. Additionally, for vaccine
comparison studies, we evaluated the spike-specific antibody
IgG titers, pseudovirus neutralization and PRNT_ by
delivering wild-type spike mRNA using FDA-approved LNP
formulations. Second, in future studies, the lyophilized mRNA-
LNP formulations should be optimized for long-term storage at
even higher temperatures, especially in 4 °C or RT. These
improvements will enhance the storage capability of not only
COVID-19 vaccines but also future mRNA therapeutics and
drugs.

CONCLUSIONS

In summary, this study reports a one-step chemical-biological
CALB enzyme-catalyzed synthesis for high-throughput devel-
opment of a series of ionizable cationic lipids for the mRNA-
LNP delivery platforms. Increasing the phospholipid propor-
tion in LNP formulations extensively enhances the mRNA
delivery eficacy which may guide the optimization of mRNA-
LNP delivery platforms for future studies. The transfection and
COVID-19 vaccine studies performed have proven the
potential of AA3-DLin LNPs to be an effective and robust
MmRNA delivery platform with excellent long-term storage
capability without ultracold conditions, lending itself to
adaption for limitless uses in mRNA delivery applications.
More importantly, this work exhibits a comprehensive bottom-
up methodology to evaluate the developed ionizable cationic
lipids, incorporating lipid design, synthesis, screening, opti-
mization, fabrication, characterization as well as in vitro and in
vivo applications. We expect this CALB enzyme-catalyzed
chemical synthesis methodology to provide overall perspec-
tives for synthesizing ionizable cationic lipids, expanding the
field of lipid-like materials, and paving an avenue for next-
generation genetic therapy.

EXPERIMENTAL SECTION

lonizable Cationic Lipid Library Synthesis. A CALB enzyme-
catalyzed esterification was utilized to synthesize ionizable cationic
lipids between hydroxyl groups (-OH) of amino alcohol and
carboxylic acid groups (~COOH) of lipid acids.?*>?* Briefly, amino
alcohol was dissolved in THF using two-neck round-bottom flask, and
then 0.5 g of amino alcohol was added and dissolved in 5 mL of THF
followed by the addition of 2 molar ratio excess of lipid acid and 0.5 g of
CALB. The reaction lasted for 72 h with the protection of nitrogen at
60 °C. Then, the CALB was removed by centrifuge, and the
supernatant was collected and purified by saturated NaHCO, solution
to neutralize the excess lipid acid. Then the resultant was extracted by
excess ethyl acetate following drying with anhydrous MgSO,. A clear
lipid ethyl acetate solution was obtained after removing MgSO, by
centrifuge and the lipid solution was concentrated by rotatory
evaporating to remove the ethyl acetate and the resulting lipids were
dried in vacuum for 48 h until use. The purified lipid product was
characterized by 'H NMR spectrometry (500 MHz, Bruker
spectrometer) and High Resolution Orbitrap Q Exactive LC/MS
spectrometry (Thermo Fisher Scientific), and the Nicolet IS-10
spectrometer was used to collected FTIR spectra (Thermo Fisher
Scientific).

High-Throughput Screening of lonizable Cationic Lipid
Library in Vitro. The lipid-like materials were synthesized through a
CALB enzyme-catalyzed reaction between the amino alcohols (AA)
and lipid acids. The lipids were named in the form of “AA#-lipid”. In all
cases, “#” indicates the number of amino alcohols as shown in
Amino Alcohol Library, “lipid” indicates the different lipids in Lipid
Acid Library. In the preliminary screening of the lipid library, the
ionizable lipids, DOPE, DMG-PEG, and cholesterol were dissolved in
ethanol with the concentration of 10 mg/mL, and the luciferase
mRNAs (mLuc) were dissolved by NaOAc buffer (25 mM, pH 5.0).
The mLuc loaded LNPs were formulated via pipetting the mRNA
NaOAc solution to lipid ethanol mixtures with a 1:3 volume ratio
(ethanol: NaOAc, v./v.) followed by 20 min of incubation at RT
before experiments with a widely used LNP formulation of
50:10:38.5:1.5 and a fixed weight ratio of 1:20 (mRNA: ionizable
lipid, wt./wt.). These different mLuc (0.1 ug) loaded LNPs were used
to transfect Hek 293 cells. The mRNA-LNP transfection eficacy was
determined by the luciferase expression intensity, which was analyzed
by Bright-Glo luciferase assay, and the luciferase intensity was
recorded by Tecan plate reader (Tecan Infinite M200 Pro) after 24 h
incubation.

Orthogonal Design of Experiment for Optimizing LNP
Formulation. An orthogonal design of experiment (DoE) method-
ology was carried out to screen the optimized molar ratio of lipids in
the AA3-DLin LNPs. Different AA3-DLin LNP formulations were
prepared in accordance with details in two orthogonal design tables
L16 (4*) termed library A and library B and use mLuc as a reporter
gene. These mLuc (0.1 ug) loaded LNP formulations were used to
transfect Hek 293 cells seeded in a 96-well plate, and the transfection
eficacy was measured by Bright-Glo luciferase assay and recorded by a
plate reader after 24 h post-transfection.

The MC3 LNPs were prepared as MC3/DSPC/cholesterol/DMG-
PEG = 50:10:38.5:1.5 and the ALC-0315 LNPs were formulated with
ALC-0315/DSPC/cholesterol/DMG-PEG at molar ratio of 46/10/
42/2. All the LNPs were used with the same manner as described
above to transfect cells. Lipofectamine 3000 was applied correspond-
ing to the instructions. Additionally, the cytotoxicity was evaluated
using CCK-8 assay, and the cell viability results were normalized to
the value of the control group.

Fabrication of mRNA Loaded LNPs by Microfluidic Chip
Device. A microfluidic-chip device was employed to fabricate the
LNPs with uniform particle size. The microfluidic chip device used for
AA3-DLin LNP fabrication was reported in a previous study.>” The
ethanol phase contained a mixture of AA3-DLin, DOPE, cholesterol,
and DMG-PEG with an optimized 40:40:25:0.5 molar ratio. Either
luciferase encoded mRNA (mLuc), mCherry encoded mRNA
(mCherry), or antigen full-length spike encoded mRNA (mspike)
was dissolved in 25 mM NaOAc buffer (pH 5.0) to compose the
aqueous phase. The aqueous and ethanol organic phases were loaded in
two different syringes at a volume ratio of 1:3 and a fixed mRNA/
AA3-DLin weight ratio of 1:20 for in vitro and 1:10 for in vivo,
respectively. The two phases were mixed by syringe pumps to quickly
flow through a microfluidic chip device with preset pump rates. The
resulting LNPs were subsequently incubated for 20 min at RT before
dialysis against 1x PBS in a dialysis tube (MWCO 3.5 kDa) for 2 h at
RT to remove ethanol. The fresh LNPs could be concentrated or
diluted on demand or used directly for studies. For the long-term
storage studies of AA3-DLin LNPs, different concentrations of
sucrose solution were added and mixed thoroughly with the fresh
LNPs. A freeze-drying process was carried out for the lyophilized LNP
groups. Then the lyophilized LNP powders or LNP formulations were
stored at either 4 °C or —20 °C for 12 months. The lyophilized LNP
powders were resuspended thoroughly in 25 mM pH 5.0 NaOAc
buffer, and the frozen LNP were thawed at RT before experiments.

LNP Characterizations and Morphology Analysis. The zeta
potentials, PDI and particle size were characterized in DI water by a
Dynamic Light Scattering and Zeta Potential Detector (Malvern,
UK). The intensity-weighted mean values were displayed as mean *
SD after measurements in tripicate.*®
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Quant-iT RiboGreen RNA Assay Kit (Invitrogen) was used to
characterize mRNA encapsulation eficiency. Briefly, the mRNA-
loaded AA3-DLin LNP solution was incubated with Ribogreen, and
the fluorescence intensity was measured to obtain the unencapsulated
MRNA. Then, 2% Triton X-100 was added to the AA3-DLin LNP
solution for 10 min allowing mRNA release by breaking apart the
particles, the fluorescence intensity was measured after incubating
with Ribogreen as total mRNA.2®3"°9%% The mRNA encapsulation
eficiency (%) was calculated by

mRNA (encapsulation efficiency%)

(total MRNA — free mRNA)
= x 100%
totalMRNA

The acid dissociation constant (pK) was measured by TNS as
reported before.”?%>° Briefly, the mRNA-loaded AA3-DLin LNP
formulation was added to a series of buffers containing 10 mM MES,
130 mM NaCl, 10 mM HEPES, and 10 mM ammonium, with the pH
values ranging from 3.0 to 11.0. 100 uM TNS was prepared as a stock
solution and incubated with the above solution for 5 min with slight
shaking. The total volume of each sample was 100 uL in a 96-well
plate with 50 uM total lipids and 5 uM TNS in the final
concentration. The fluorescence intensity was recorded at 321 nm
excitation wavelengths and 445 nm emission wavelengths by a plate
reader (Tecan). The fluorescence intensity was normalized to the
value of pH 3.0, and the pH value at half-maximal fluorescence
intensity was determined to be the pK

Agarose gel electrophoresis assay was conducted to investigate the
binding eficiency of mRNA-loaded AA3-DLin LNPs. 2uL of RNA
loading dye was added into 10 uL of LNP samples, and then the
mixtures were loaded on the gel and run for half an hour.

The morphology of AA3-DLin LNPs were evaluated using a
transmission electron microscope (TEM, JEM-F200). Five uL of
AA3-DLin LNP was dropped on the TEM copper grid and blotted
away with Kimwipes after 1 min. Then 5 uL of uranyl acetate solution
(2%) was used to stain the LNP samples for half-minute, followed by
blotting away the staining solution by a filter paper. The staining
process was repeated for a total of three times in the same manner and
the LNP sample was allowed to be air-dried in the fume hood.

Antigen Encoded mRNA Synthesis. An in vitro transcription
(IVT) process was used to synthesize the wild-type SARS-CoV-2
spike mRNA with regular nucleosides. A 5’ untranslated region
(UTR) with a Kozak translational initiation signal and an alpha-globin
3’ UTR terminating sequence were flanked into the open reading
frame of spike protein with the addition of a polyA tail at the end. An
Anti-Reverse Cap Analog (ARCA) was capped for the IVT mRNA
synthesis.

Cells and Animals. Hek 293 cells were received from ATCC. The
ACE2-293T cells were kindly obtained from Dr. Dongfang Liu from
NJMS. The splenocytes were harvested from vaccinated mice.
Generally, 293 cells were cultured in DMEM, and the splenocytes
were cultured with RPMI 1640, both media were supplied with 10%
FBS and 1% penicillin-streptomycin. The mice used for experiments
were obtained from the Jackson Laboratory. Animal experimental
protocols including ethical compliance were approved by the Animal
Care and Use Committee (elACUC) at Rutgers-NJMS, where mice
were housed.

Evaluation of LNP Transfection Eficacy in Vitro. The
transfection eficacy of LNPs in vitro was also characterized by
delivering mCherry mRNA into Hek 293 cells. Briefly, 1 x 10° cells
were seeded into a 24-well plate for overnight incubation. The second
day, fresh mCherry-LNPs or the stored mCherry-LNPs were directly
added into the cell medium with a fixed amount of 1 ug mCherry per
well. Images of transfected mCherry positive cells were captured by a
fluorescence microscope (BZ-X710, Keyence) at predetermined time
points. After the cells were imaged, they were harvested by Trypsin-
EDTA, and suspended in PBS to obtain the cell pellets after
centrifugation. Then, a BD LSR Il flow cytometer and FACSDiva
software (BD Biosciences, U.S.A.) were used to analyze the collected
cells. The mCherry positive cells were detected by a 561 nm laser with

a 610/20 BP filter at 350 V. Overall, 10 000 events per sample were
recorded.

Bioluminescence Study in Vivo. Bioluminescence imaging
studies were carried out using BALB/c mice (6-8 weeks, female,
18-20 g). Briefly, 100 uL of fresh luciferase mMRNA (10 ug mRNA,
0.5 mg/kg) was loaded into AA3-DLin LNPs (n = 3) and injected
intramuscularly at the hind leg. Luciferase mRNA (10 ug) diluted in
90 uL of PBS was injected into mice as control groups (n = 3). For
AA3-DLin LNP long-term storage studies, lyophilized luciferase
mRNA-encapsulating LNPs (10 ug mRNA, 0.5 mg/kg) (n = 3) (with
10 wt % sucrose) were resuspended in 100 uL of NaOAc buffer, and
the frozen luciferase mMRNA-encapsulating LNPs (10 ug mRNA, 0.5
mg/kg) (n = 3) (with 5 wt % sucrose) were thawed at RT before
mouse injections in the same manner. For stability studies, AA3-DLin
LNPs (n = 3) formulated with 5 wt % sucrose were stored at either 4 or
25 °C for 1, 3, 5, 7, and 9 days before being injected into mice. At a
preset timeline, 150 uL of D-Luciferin potassium salt solution (30
mg/mL) was injected intraperitoneally into mice. The biolumines-
cence images were captured by IVIS spectrum instrument (Xenogen)
within 20 min post-injection, and the exposure time was set to 30 s.
Bioluminescence intensity was quantified by characterizing the total
photon flux in the region of interest.

Western Blot. Hek 293 cells transfected by 1 ug spike mRNA
loaded AA3-DLin LNPs in a 24-well plate were lysed by cold lysis
buffer. After the protein concentration was measured, loading dye was
added to each lysed sample following 5 min of boiling. In the
meantime, a 12% resolving, 5% stacking SDS-PAGE gel was prepared.
Then, a polyvinylidene difluoride (PVDF) membrane was used to
transfer protein followed by blocking in 3% BSA PBS solution
overnight. The next day, the membrane was probed using rabbit anti-
spike (1:1000) and rabbit anti-GAPDH (1:2000) antibodies for 2 h.
Tris-buffered saline Tween 20 (TBST) was used to wash the
membrane three times, and then HRP conjugated anti-rabbit antibody
(1:5000) was applied to the membrane for 1 h at RT. Lastly,
chemiluminescence substrate (PerkinElmer) was used to visualize the
proteins on the membrane after three washes in TBST.

Immunofluorescence Assay. An immunofluorescence assay was
carried out to stain the AA3-DLin LNP (1 ug spike mRNA loaded)
transfected cells. In brief, 2 x 10° Hek 293 cells were seeded in a 12-
well plate in which cover glasses were placed in each well. The second
day, AA3-DLin LNPs were added to transfect the cells for 48 h. Then,
the cells were fixed using paraformaldehyde (4%, PFA) solution and
methanol for 10 min, respectively, followed by washes with PBS. The
fixed cells were incubated with 3% BSA for 30 min. Next, rabbit anti-
spike (1:500) was added to the cells for 2 h at RT. After the cells were
washed three times, goat Alexa Fluor 488 anti-rabbit I1gG (1:1000)
was used to stain the cells for 1 h at RT. After three additional washes,
DAPI (Invitrogen) was applied to the cells for nuclear staining. The
slides were sealed, and the cell were imaged by a fluorescence
microscope.

Tissue Immunofluorescence Assay and Histology. AA3-DLin
LNP treated mice were sacrificed after bioluminescence imaging, and
the muscle tissue of the administration sites were harvested and
submerged in 4% PFA overnight, followed by tissue dehydration with
30% sucrose solution. Tissue samples were put into cryomolds,
embedded with O.C.T. compound and kept frozen. The tissue
samples were sectioned using a cryostat (15 um thickness). For tissue
immunofluorescence assay, tissue sections were blocked using 5%
goat serum and 3% BSA for 1 h at RT and then permeabilized by 1%
TritonX-100 solution for half an hour. Then, the samples were probed
with rabbit anti-IL-6 (1:1000) overnight. The second day, after three
washes, tissue samples were incubated with Alexa Fluor 488 goat anti-
rabbit 1gG (1:1000) for 2 h. After another three washes, the slides
were mounted and covered by coverslips. For histology experiments,
hematoxylin and eosin (H&E) staining was used for tissue
histopathological examination.

Mouse Vaccination Study. Five BALB/c mice per group (6-8
weeks, female) were used for vaccination experiments. Doses of 2 ug or
10 ug spike mRNA-loaded AA3-DLin vaccines (with 5 wt %
sucrose) after 12-month frozen storage at -20 °C, and fresh AA3-
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DLin vaccines were intramuscularly administered in the left hind leg
for all vaccination studies. For the placebo group, 100 uL of empty
AA3-DLin LNPs was injected in the same manner.>> The mouse
blood was collected from the orbital sinus, and spleens were harvested
on day 30 for T cell immune response analysis. The blood samples
were centrifuged at 3000g, and the collected sera were heat-
inactivated for 30 min at 56 °C.

SARS-CoV-2 ELISA Assay. ELISA kits were used to determine
SARS-CoV-2 spike-specific antibody titers of the immunized mice. In
brief, 96-well ELISA plates (MaxiSorp) were coated with 0.1 ug SAR-
CoV-2 spike protein (Sino Biological) for each well and put in 4 °C
overnight. The second day, 200 uL wash buffer (Thermo Fisher
Scientific) was used to wash each well three times, followed by
blocking with 200 ulL assay buffer at RT for 1 h. 100 uL of serial
diluted sera samples was put into protein-coated plates for 2 h. The
plates were washed in triplicate, and then 50 uL of HRP goat anti-
mouse 1gG (1:3000) was added for a 1 h incubation at RT followed
by three washes. Next, 50 uL of TMB substrate solution per well was
applied to detect the binding antibody followed by 50 uL of stop
solution. A Tecan plate reader was used to detect the absorbance
signal at 450 nm. The endpoint titers were determined to be the
highest reciprocal serum dilution, yielding more than 2.1 fold of
absorbance over control.®%?

Plague Reduction Neutralization Test. PRNT was performed
to investigate the AA3-DLin vaccine immunogenicity against real
virus. Briefly, the serial diluted sera were cultured with 200 PFU/mL of
wild-type SARS-CoV-2 virus for 1 h at 37 °C. The sera-virus
mixture samples were placed in 24-well plates seeded with the Vero
cell monolayers for 1 h at 37 °C with intermittent shaking. The media
was then replaced with DMEM (supplied with 2% FBS and 1%
agarose). Cells were further incubated for another 2 days followed by
fixation with 4% PFA, then the cell samples were incubated with 0.2%
crystal violet. The plaque numbers were counted after rinsing with DI
water. The 50% plaque reduction neutralization test (PRNT ) was
analyzed and recorded.®

SARS-CoV-2 Pseudovirus Neutralization Assay. The luciferase
expressed SARS-CoV-2 pseudovirus (Creative Biogene, Inc.) was
incubated with serial diluted serum samples at 37 °C for 1 h, before
adding to ACE2-293T cells seeded in 96-well microplates. Luciferase
activity was recorded by a Tecan plate reader using Bright-Glo
Luciferase Assay after 48 h post-infection and the luciferase intensity
was normalized as relative light units (RLU). Neutralization 1C50
titers were defined as the serum dilution showing 50% RLU reduction
with respect to the RLU of pseudovirus-only minus background.

ELISpot. For the ELISpot study, the splenocytes were collected
individually from the vaccinated mice groups. Briefly, the spleens were
homogenized and filtrated by a 70 um strainer followed by addition of
ACK lysis buffer and then the collected splenocytes were cultured in
complete RPMI1640 media. Mouse IFN-y ELISpot kit (Mabtech)
was utilized to evaluate SARS-CoV-2 T cell responses. The cell plates
were then washed in triplicate followed by blocking for 2 h in
RPMI1640. Then 2 x 10° of splenocytes were transferred to the cell
plates and then activated with the peptide pool (2 pug/mL, Miltenyi
Biotec) at 37 °C for 24 h. After the cells were washed three times, the
cells were probed with a detection antibody (biotin-conjugated) for 2
h, and washed again thrice. Then streptavidin-ALP was added for 1 h,
and another three plate washes were performed before the plates were
incubated for 20 min with BCIP/NBT. At last, DI water was applied
to stop the color reaction and the plates were dried in darkness. CTL
ImmunoSpot Analyzer was used to image and analyze the dark spots.

Intracellular Cytokine Staining. The intracellular cytokine
staining studies were carried out to characterize the cytokine-
producing T cells. Briefly, 1 x 10° of splenocytes were cultured in a
96-well plate and activated by the peptide pool (2 ug/mL) for 6 h
with the addition of BD GolgiPlug at 37 °C. Cells were treated with
LIVE/DEAD Cell Stain Kit (Fixable Near-IR, 1:1000, Invitrogen)
after three washes. Then, antibodies of cell surface markers including
anti-CD3 (1:100), anti-CD8a (1:100) and anti-CD4 (1:100) were
added to the stimulated splenocytes. After being washed, the
splenocytes were treated with BD Cytofix/Cytoperm, and washed

by Perm/Wash buffer. Splenocytes were incubated with a mixture of
intracellular cytokine marker antibodies including anti-IFN-y (1:100),
anti-IL-2 (1:100), anti-TNF (1:100), and anti-IL-4 (1:100). After the
cells were stained, flow cytometric analysis was performed, and the
results were collected using FACS Diva software BD (100,000 events
collected).

Statistical Analysis. GraphPad Prism 8 software was used to
analyze the statistical significance. Unpaired t test and one-way
ANOVA were applied to compare two groups and multiple groups,
respectively. Statistical significance was defined as p < 0.05 (ns, not
significant; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
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