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Abstract

Background Lipid nanoparticles (LNP) are a safe and effective messenger RNA (mRNA) delivery system for vaccine
applications, as shown by the COVID-19 mRNA vaccines. One of the main challenges faced during the develop-
ment of these vaccines is the production of new and versatile LNP formulations capable of efficient encapsulation
and delivery to cells in vivo. This study aimed to develop a new mRNA vaccine formulation that could potentially be
used against existing diseases as well as those caused by pathogens that emerge every year.

Results Using firefly luciferase (Luc) as a reporter mRNA, we evaluated the physical-chemical properties, stabil-

ity, and biodistribution of an LNP-mRNA formulation produced using a novel lipid composition and a microfluidic
organic-aqueous precipitation method. Using mRNAs encoding a dengue virus or a Leishmania infantum antigen, we
evaluated the immunogenicity of LNP-mRNA formulations and compared them with the immunization with the cor-
responding recombinant protein or plasmid-encoded antigens. For all tested LNP-mRNAs, mRNA encapsulation
efficiency was higher than 85%, their diameter was around 100 nm, and their polydispersity index was less than

0.3. Following an intramuscular injection of 10 ug of the LNP-Luc formulation in mice, we detected luciferase activ-
ity in the injection site, as well as in the liver and spleen, as early as 6 h post-administration. LNPs containing mRNA
encoding virus and parasite antigens were highly immunogenic, as shown by levels of antigen-specific IgG anti-
body as well as IFN-y production by splenocytes of immunized animals that were similar to the levels that resulted
from immunization with the corresponding recombinant protein or plasmid DNA.

Conclusions Altogether, these results indicate that these novel LNP-mRNA formulations are highly immunogenic
and may be used as novel vaccine candidates for different infectious diseases.
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mRNA-loaded lipid nanoparticles
for vaccine applications ..Q?
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1. LNP-mRNA was successfully developed exhibiting
excellent physicochemical characteristics

2. LNP-mRNA are highly efficient in delivering mRNAs
into cells in vitro and in vivo
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3. Immunization with LNP-mRNA induced higher titers
of IgG and production of IFNY
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Background nucleosides. [7]. The mRNA structure is optimized

Following the discovery of interference RNA, the RNA
molecule has garnered significant attention as a molecule
that can be explored for its therapeutic applicability [1].
Propelled by the recent success of SARS-CoV-2 mRNA
lipid nanoparticle vaccines (Moderna and Pfizer—BioN-
Tech), messenger RNA (mRNA) has taken an even more
prominent place in therapeutics [2]

mRNA vaccines offer several advantages over other
types of vaccines. Their development is notably swift,
facilitated by LNP-mRNA functioning as a versatile
platform technology. These vaccines can be produced
rapidly, with reduced costs, employing a common manu-
facturing platform and purification methods irrespective
of the antigen. Furthermore, mRNA platforms are safer
and easier to deliver compared to DNA vaccines, as they
do not require crossing the nuclear membrane and do
not integrate or alter the genome [3-6].

Nevertheless, a significant hurdle in mRNA vaccine
development is the inherent instability and immuno-
genicity of the RNA molecule. The immunostimula-
tory issues of in vitro transcribed RNA were resolved
by Kariko et al’s groundbreaking study, which devel-
oped an mRNA synthesis protocol with modified

by adding a 5’ cap and identifying suitable 5 and 3’
untranslated sequences to further enhance stabil-
ity and translation efficiency. [8, 9]. To enhance the
mRNA in vivo stability after its administration, great
efforts have been made to create a delivery system that
not only protects the molecule against degradation
but also allows it to overcome tissue and cell barriers
to be delivered into the cytoplasm. Consequently, suc-
cessful mRNA vaccines result from studies that led to
both proficient delivery of mRNA and subsequent anti-
gen expression to promote antigen-specific immunity
[10, 11]. Lipid nanoparticles (LNP) are at the forefront
of technologies designed to encapsulate and protect
mRNA [12, 13]. LNP encapsulation mitigates prema-
ture mRNA degradation and improves its delivery to
the cytosol of antigen-presenting cells (APC) [14, 15].
LNP, the most effective adopted delivery approach,
is typically composed of an ionizable lipid, a phos-
pholipid, a sterol, and a lipid-anchored polyethylene
glycol (PEG) [13, 16]. Each lipid has a specific func-
tion, including mRNA encapsulation, disruption of the
endosomal membrane, cellular delivery, formation and
stabilization of the lipid bilayer, homogeneity of particle
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size and dispersity, particle stability during preparation
and storage, circulation half-life, and biodistribution
[16-20].

Although LNP preparation can be performed in
various ways, microfluidic methods are preferred for
preclinical and clinical studies due to their superior
reproducibility. LNP are formed when solubilized lipids
in the organic phase are submitted to a rapid increase in
the dispersion media’s polarity induced by swiftly mix-
ing it with an aqueous phase containing mRNA. This
rapid mixing leads to the supersaturation of lipid mol-
ecules, resulting in the self-assembly of LNPs. mRNA
encapsulation occurs through the electrostatic asso-
ciation between negatively charged nucleic acids and
positively charged lipids. As mRNAs encoding different
antigens are chemically and physically highly similar,
new mRNA vaccines’ formulation design and manufac-
turing processes follow the same steps [21-23].

mRNA vaccines stimulate the innate immune system
and deliver mRNA to APC for antigen expression [24].
APC uptake mRNA-loaded LNP, express the protein,
and migrate to lymph nodes to prime T cells [25, 26].
LNP intrinsically activates APC-like dendritic cells,
macrophages, and B cells, acting as potent adjuvants
[27-31]. Recent studies showed that both empty LNP
and mRNA-loaded LNP elicit the production of sev-
eral chemokines and cytokines in higher levels than
AddaVax-adjuvanted protein vaccines and is likely the
mechanistic basis for the LNP potent adjuvant activity
[24, 32].

In vivo antigen production achieved with mRNA
vaccines, coupled with the self-adjuvant properties
of LNP-mRNA vaccines, ultimately leads to the effi-
cient generation of strong humoral and cellular immu-
nity [10, 33]. In the present study, we developed a new
mRNA vaccine formulation that could potentially be
used against existing diseases as well as those caused
by novel pathogens that emerge every year. After evalu-
ating the physicochemical characteristics and biodis-
tribution using an LNP containing luciferase mRNA,
we assessed the immunogenic potential of two LNP-
mRNA formulations containing mRNAs encoding 80%
of the dengue serotype 3 E protein (E80) as well as an
antigen derived from Leishmania infantum (LinKAP),
and compared the immune response with the cor-
responding plasmid DNA and recombinant protein,
respectively. The results indicate that immunization
with the LNP-mRNA formulations resulted in humoral
and cellular immune responses that are similar to the
responses elicited by the corresponding plasmid DNA
and recombinant protein and may be used as novel vac-
cine candidates for different infectious diseases.
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Material and methods
Material
MEGAscriptT7 Transcription Kit was
obtained from Thermo Fischer. CleanCap and
N!-Methylpseudouridine-5"-Triphosphate were
purchased from TriLink. DODMA (1,2-dioley-

loxy-3-dimethylaminopropane), DSPC (1,2—-distearoyl-
sn-glycero-3-phosphocholine), and DMG-PEG-2000
(1,2-dimyristoyl-rac-glycero-3-methoxypolyethylene
glycol-2000) were obtained from Avanti Polar Lipids.
Cholesterol and sulforhodamine B (SRB) were pur-
chased from Sigma-Aldrich. Quant-iT" RiboGreen"
RNA Reagent and Kit were obtained from Invitrogen.
D-luciferin, reporter lysis 5X buffer, and VivoGlo were
provided by Promega. Dulbecco’s Modified Eagle’s
Medium (DMEM), fetal bovine serum, trypsin EDTA,
and PBS 1X buffer were purchased from Gibco-Invit-
rogen. All other chemicals were of analytical and/or
molecular biology grade.

Synthesis of nucleoside-modified mRNAs

Codon-optimized sequences corresponding to part of
the L. infantum antigen LinKAP (LINF_270007500,
www.trytripDB.org) and 80% of the consensus E sero-
type 3, genotype BR-III sequence (E80) from circulat-
ing strains of dengue virus in Brazil during 2007-2021,
were synthesized by GeneScript in the pcDNA3.1 plas-
mid containing appropriated 5 and 3’ UTRs and a 110
nt poly-A tail (Figure S1). We used the truncated 80%
E protein of the Dengue virus, instead of the full-length
sequence, because the removal of a transmembrane,
hydrophobic region does not compromise the immuno-
genicity but significantly enhances recombinant protein
expression and secretion. The MEGAscriptT7 Tran-
scription Kit (Thermo Fischer, AM1334) was used for
mRNA synthesis, and 5 cap 1 was inserted with Cle-
anCap AG (TriLink, N-7113). Uridine was replaced by
N'-methylpseudouridine-5-Triphosphate (TriLink,
N-1081), and the reaction was performed at 37 °C for 4 h.

LNP preparation
LNP formulations were produced using the nan-
oprecipitation method. The organic phase was

composed of a cationic ionizable lipid (1,2-dioley-
loxy-3-dimethylaminopropane—DODMA), 1,2—
distearoyl-sn-glycero-3-phosphochoLine (DSPC),
1,2-dimyristoyl-rac-glycero-3-methoxypolyethylene gly-
¢0l-2000 (DMG-PEG2000), obtained from Avanti Polar
Lipids and cholesterol (Sigma) dissolved in ethanol (in a
molar ratio of 50:10:1.5:38,5, total molar concentration,
N/P ratio 6:1). The aqueous phase was formed by mRNA
in 20 mM citrate buffer, pH 4.0. Organic and aqueous
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phases were combined in a microfluidic device (ANP,
Particle Works, UK) at a flow ratio of 1:3 (ethanol: aque-
ous phase) in a total flow ratio of 12 mL/min. The cor-
responding mRNAs for dengue serotype 3 E80 protein
(LNP-E80), L. infantum LinKAP antigen (LNP-LinKAP),
and firefly luciferase (LNP-Luc) were used for encapsula-
tion. All LNP were ultrafiltered using Amicon centrifugal
devices (30 KDa) and resuspended in PBS buffer, pH 7.4,
before use.

LNP and LNP-mRNA characterization

The particle size, polydispersity index (PDI), and zeta
potential of LNP-mRNA were measured by dynamic light
scattering (DLS) at a fixed angle of 90° and 25°C using a
Zetasizer Nano ZS90 (Malvern Instruments, UK). Nano-
particle Tracking Analysis (NTA) was conducted using
NanoSight NS300 & NTA 3.1 Analytical Software (Mal-
vern Instruments, UK). A laser source and light scat-
tering irradiated the suspension, and a charge-coupled
device camera was used to capture images. Quant-iT
RiboGreen™ RNA Reagent and Kit (Invitrogen) was used
to assess the encapsulation efficiency and mRNA concen-
tration of LNP-mRNA. Fluorescence was measured in a
formulation freshly prepared in the presence or absence
of Triton X100. The integrity of mRNA after the encap-
sulation into LNP was confirmed by mRNA extraction
with phenol-chloroform, followed by denaturing agarose
gel electrophoresis. The morphology of LNP-mRNA was
analyzed by cryogenic transmission electron microscopy
(cryo-TEM) using the plunge freezing technique whereby
the samples were spread on a thin film across an EM grid
and submerged in liquid ethane.

Freeze and thaw stability of LNP-mRNA.

To determine the preliminary freeze and thaw stability of
LNP-Luc, the nanoparticles were prepared as described
in 2.2. After ultrafiltration, the obtained nanoparticles
were resuspended in Tris—HCI buffer pH 7.4 (20 mM)
containing sucrose 12% (w/v) as a cryoprotectant. Nan-
oparticle aliquots were then stored at 4 °C, -20 °C, and
-80 °C, and samples were collected at one- and seven days
post-preparation. As previously outlined, mean diameter,
PDI, zeta potential, encapsulation efficiency, and mRNA
integrity were evaluated. To verify if luciferase activity
was also preserved after LNP-mRNA storage, 10 ug of
LNP-Luc was injected in mice via the intramuscular (IM)
route, and bioluminescence values were quantified as
indicated under "Biodistribution studies."

mRNA transfection and protein expression analyses

HEK293T cells were seeded in 6-well plates at a density
of 7x10° cells/well 24 h prior to transfection. For trans-
fection studies with Luc-mRNA, cells were exposed to
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3, 6, and 9 pg of LNP-Luc or naked mRNA without any
transfection reagent. Twenty-four- and 48-h post-incuba-
tion cells were lysed with 1X cell lysis buffer for luciferase
assay (Reporter Lysis 5X buffer, Promega) and centri-
fuged (3000 rpm, 10 min). The supernatant was collected
and transferred to a 96-well plate with firefly D-luciferin
reagent (Promega, E1500). Bioluminescence intensity was
read in a luminometer Luminoskan (ThermoScientific).

For transfections with Leishmania or dengue mRNAs,
cells were prepared as described previously and trans-
fected with 3 pg of either encapsulated or naked mRNA
(without any transfection reagent). The LinKAP sequence
lacks a signal peptide, limiting protein detection to cell
lysates. In contrast, the E80 sequence includes the human
tissue plasminogen activator (TPA)-derived signal pep-
tide that facilitates secretion, so that the protein can be
detected in the culture supernatant. Forty-eight hours
post-transfection, cells transfected with LNP-LinKAP
were collected, and total protein extracts were produced
by cell lysis in radioimmunoprecipitation assay (RIPA)
buffer (ThermoScientific, 89,901). For cells transfected
with E80 from dengue virus serotype 3, the culture
supernatant was collected 48 h after transfections. Total
protein extracts and culture supernatant were separated
in acrylamide gel (12,5%) under denaturing conditions,
and samples were transferred to nitrocellulose mem-
branes and incubated with anti-LinKAP antibody (rabbit
polyclonal antibody, Oliveira et al., submitted), or anti-
dengue antibody (Abcam, Ab9202). Next, membranes
were incubated with anti-IgG rabbit antibody conjugated
with HRP or anti-IgG mouse antibody conjugated with
HRP and revealed with ECL reagent (Cytiva, RPN2236).
Images were captured with a ChemiDoc Imaging System
(BIO-RAD).

Cytotoxicity studies

The potential toxicity of mRNA and LNPs was assessed
using sulforhodamine B (SRB) assay. HEK 293 T cells
were seeded in 96-well plates at a density of 4 x 10* cells/
well 24 h prior to treatment. Cells were exposed to LNP-
mRNA, naked-mRNA, or blank-LNP (125-1000 ng).
DMSO was used as a positive control for cellular toxicity.
Twenty-four hours after the treatment, cells were fixed
with 10% trichloroacetic acid (TCA) and then stained
with SRB (Sigma) for 30 min. Unbound SRB was with-
drawn using 1% acetic acid, while the protein-bound SRB
was dissolved in 10 mM of Tris-Base [tris(hydroxymethyl)
aminomethane] solution. The optical densities (OD) were
measured at 510 nm on a microplate spectrophotometer
Multiskan (ThermoScientific).
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Biodistribution studies

Bioluminescence imaging was performed with an IVIS
Spectrum imaging system (PerkinElmer). Female BALB/c
mice received 10 pg of LNP-Luc via the IM route. Six, 24,
48, and 72 h post-injection, D-luciferin (VivoGlo, Pro-
mega) was administered intraperitoneally (at 100 mg/kg)
in each animal. Mice were anesthetized after receiving
D-luciferin in a chamber with 3% isoflurane and placed
on the imaging platform while being maintained on 1%
isoflurane via a nose cone. Mice were imaged at 10-min
post-administration of D-luciferin using an exposure
time of 5-120 s to ensure that the signal acquired was
within effective detection range (above noise levels and
below charge-coupled device [CCD] saturation limit).
Bioluminescence values were quantified by measuring
photon flux (photons/second) in the regions where a bio-
luminescence signal emanated using the Living IMAGE
Software provided by Caliper.

Expression and purification of antigens in E. coli

For expression of Leishmania LinKAP antigen and E
protein from dengue virus serotype 2, E. coli BL21(DE3)
was transformed with plasmids pET24a or pET2la,
respectively, containing the coding sequences of the
antigens of interest (GeneScript). Expression of the
antigen was induced for 3 to 5 h with Isopropyl B-D-
1-thiogalactopyranoside (IPTG) in a final concentra-
tion of 0,5 mM at 37 °C. After induction, bacteria were
lysed using the Avestin Emulsiflex C3 Homogenizer
and purification performed by affinity chromatography
with His Trap HP 5 mL purification columns in AKTA
prime plus according to the manufacturer’s instructions
(GE-Healthcare).

Immunization experiments

Dengue serotype 3 E80 protein and the L. infantum
LinKAP antigen, produced in Escherichia coli, were used
to evaluate the immunogenicity of LNP-mRNA vac-
cines. Female C57BL/6 or BALB/c mice were divided into
groups (n=4 and n=5, respectively), and vaccinations
were performed via IM route by injecting into the thigh
muscles of the two hind limbs, 10 ug of LNP-LinKAP
or LNP-E80, in 100 pl volume. Blank LNP and naked
mRNA were used as negative control groups. Animals
were immunized using a prime-boost or prime-boost-
boost protocol with 21 days interval. For the duration
of the experiment, mice were housed in ventilated cages
on a 12-h dark/light cycle. The room was kept at 20 °C,
50% relative humidity. Food and water were provided
ad libitum.
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Quantification of total IgG and IFN-y

Quantification of total IgG antibodies was conducted by
ELISA. Plates were sensitized with 100 ng/well of recom-
binant LinKAP protein or 400 ng/well of recombinant
E80 dengue 3 produced in eukaryotic cells (Sinobiologi-
cals) and incubated overnight. The next day, the content
was discarded, and the plates were blocked at 37 °C for
one hour. The content was discarded, and the samples
were added to the plate (serum from mice immunized
with LNP-LinKAP was diluted at 1:100, and for E80
mRNA or DNA, 1:50) and incubated at 37 °C for one
hour. After washing the plates, a specific secondary anti-
body was added and incubated at 37 °C for 1 h. The plates
were washed again, and TMB (3.3'5.5.5-tetramethylb-
enzidine) was added. The reaction was interrupted with
a stop solution, and the plates were read at the absorb-
ance of 450 nm in a microplate reader (Varioskan, Ther-
moScientific). For quantification of IFN-y, 30 days after
the last immunization, the animals were euthanized, and
splenocytes were isolated as described in the next section
and stimulated with 10 ug/mL of LinKAP recombinant
protein or E protein from dengue virus serotype 2 pro-
duced in bacteria (GenBank GU131881.1). The samples
were then incubated for 72 h at 37 °C under a 5% CO,
atmosphere. The culture supernatant was collected to
determine IFN-y levels by ELISA (Mouse IFN-y Duo-
Set ELISA, R&D System) following the manufacturer’s
instructions.

Splenocyte isolation and culture

For splenocyte isolation, naive or immunized mice were
euthanized using a lethal dose of anesthetics adminis-
tered intraperitoneally (50 mg/kg xylazine and 500 mg/kg
ketamine). Spleens were collected and macerated using a
100 um nylon cell strainer. Splenocytes from each spleen
were resuspended in 20 mL of RPMI 1640 (GIBCO) sup-
plemented with 10% fetal bovine serum (FBS), centri-
fuged (400X g, 8 min, 4 °C), and subjected to red blood
cell lysis using 5 mL of ACK lysis buffer (NH4CI 150 mM,
KHCO3 10 mM, EDTA 0.1 mM, pH 7.4) for 5 min at
room temperature. The splenocytes were then washed
twice with RPMI 1640 containing 10% FBS, passed
through a 100 um nylon cell strainer, and plated in a flat-
bottom 96-well plate at a density of 10° splenocytes per
well. Splenocytes isolated from immunized mice were
stimulated with either the LinKAP recombinant pro-
tein or dengue serotype 2 E80 protein, both produced
in bacteria. Plates were centrifuged (400X g, 5 min, 24
°C) and incubated for 72 h to assess IFN-y production.
For cytokine assays using lipid nanoparticles (LNPs) as
stimuli, splenocytes from naive mice were used. These
plates were incubated for 16 h at 37 °C and 5% CO,. After
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incubation, all plates were centrifuged (400X g, 5 min,
4 °C), and the supernatants were collected for further
analysis.

Cytokine assays

The levels of interleukin (IL)-6, tumor necrosis factor
(TNF), IL-10, and interferon (IFN)-y were evaluated in
plasma from BALB/c mice by using BD™ Cytometric
Bead Array (CBA) Mouse Th1/Th2/Th17 kit (BD, cat.
560,485). The samples were acquired in BD"" FACSVerse
and analyzed on FCAP Array "~ Software.

Ethics statement

All experiments with animals were carried out accord-
ing to the principles of conduct of the Brazilian Guide
of Practices for the Care and Use of Animals for Scien-
tific and Didactic Purposes of CONCEA. Animal experi-
mentation protocols were approved by the Committee
on Ethics in the Use of Animals (CEUA) of Fundagédo
Oswaldo Cruz (CEUA protocol LW34/22, LW-34/22
(P-22/22.5) and LW-3/21 (P-56/19.5)). Female WT
C57BL/6 and BALB/c mice, 5-8 weeks old, were pur-
chased from the Center for Laboratory Animal Facilities
of the Universidade Federal de Minas Gerais.

Results

Characterization of LNP-mRNA formulations

The LNP-mRNA were successfully prepared by nanopre-
cipitation using a microfluidic device. We prepared LNPs
encapsulating three distinct mRNAs: firefly luciferase
mRNA (LNP-Luc), mRNA encoding dengue serotype
3 E80 protein (LNP-E80), and mRNA encoding the L.
infantum Kinetoplast-associated protein, LinKAP antigen
(LNP-LinKAP). The physical-chemical parameters are
shown in Fig. 1.

DLS analysis showed that the average particle size of
LNP in PBS was close to 100 nm, with a low PDI (<£0,2),
indicating a high degree of homogeneity among the par-
ticles and a slightly negative zeta potential (Fig. 1A-C). It
was possible to achieve a high encapsulation efficiency
(>85%) for all 3 formulations, which is crucial for reach-
ing the in vivo dose required for immunizations. LNP-
mRNA particle concentration and size distribution (i.e.,

(See figure on next page.)
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the mean diameter in which 10, 50, and 90% of the par-
ticles are smaller) were assessed by NTA (figure B and
1D). Consistent with the DLS analysis, the particle sizes
ranged from 84 to 207 nm, with 90% of them measur-
ing under 200 nm for all three mRNA. The particle
concentration was close to 10® particles/ml for all three
formulations.

Cryo-TEM images (Fig. 1E) revealed that the mRNA-
loaded LNP particles present round, smooth-surfaced,
surfaced, and nanosized particles, compatible with DLS
and NTA results. A thin layer surrounding the inner
bright portion, indicating the presence of a semi-struc-
tured lipid bilayer, is also observed. The presence of an
electron-dense core and ’bleb’ cavities in the structure
indicates the localization of mRNA in the particles.

The formulation’s ability to protect the mRNA from
degradation was also evaluated by extracting the lucif-
erase mRNA from the LNP-Luc and assessing its integ-
rity using agarose gel electrophoresis (Fig. 1F). The
results indicated that the LNP effectively preserved the
integrity of the mRNA, as evidenced by the presence of
the 1.9 kb RNA band in denaturing agarose gel electro-
phoresis before and after encapsulation.

Freeze-thaw stability

The efficacy of tris—HCI buffer containing 12% (w/v)
sucrose as cryoprotectants was assessed comparing the
physicochemical characteristics of the formulations
after storage at different temperatures with a control
group comprising LNP-Luc freshly formulated in PBS.
Parameters such as mean diameter, PDI, zeta poten-
tial, and %EE were evaluated on both day 1 and day 7,
as shown in Fig. 1G-]. Irrespective of the resuspension
medium, freshly prepared LNPs consistently exhib-
ited desirable physicochemical properties. In contrast,
PBS failed to maintain these characteristics following
freeze—thaw cycles. The incorporation of a cryoprotect-
ant in LNP-mRNA formulations effectively prevented
alterations in mean diameter, PDI, zeta potential, and
%EE over the storage period (— 20 °C, day 1 vs. day 7),
maintaining a final diameter consistently below 150 nm,
and neutral surface charge. Notably, LNP-mRNA pre-
pared with Tris—HCI containing sucrose demonstrated

Fig. 1 Physical-chemical characterization of LNP-mRNA. Size distribution of LNP-mRNA was measured by a dynamic light scattering (DLS) and b
Nanoparticle Tracking Analysis (NTA). ¢ Mean diameter, polydispersity index (PDI), zeta potential, encapsulation efficiency (%EE) for different
mMRNA loaded LNP d NTA results: mean size, distribution (D10, D50, D90), and particle concentration of LNP-Luc, LNP-LinKAP, and LNP-E80 e
Cryo-TEM images of LNP-mRNA by plunge freezing technique f Analysis of Luc-mRNA in agarose gel in denaturing conditions: 1- mRNA-Luc
before encapsulation and 2- mRNA-Luc after encapsulation into LNP. g Mean diameter, h PDI, i zeta potential, and j encapsulation percentage

of LNP-mRNA prepared with PBS or Tris—HCl + Sucrose 12% and stored at 4 °C, -20 °C, or — 80 °C. Data are expressed by the mean (n=3)+ standard
deviation of the mean. All data were analyzed using a one-way ANOVA analysis of variance followed by Tukey’s post-test. Different letters indicate

significant differences among groups (p < 0.05)
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Fig. 1 (Seelegend on previous page.)

exceptional stability even after 7 days of storage at 4 °C,
maintaining consistent mean diameter, PDI, zeta poten-
tial, %EE, and mRNA concentration, unlike LNP-mRNA

prepared in PBS in which an increase in mean diameter
and reduction in encapsulation efficiency were observed
in the same period. Furthermore, after assessing mRNA
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integrity on agarose gel electrophoresis of RNA extracted
from freshly prepared LNP-mRNA and LNP-mRNA that
was kept frozen at -20 °C for 7 days, we observed that
freezing/thawing did not affect Luc mRNA integrity (Fig-
ure S3D).
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In vitro expression and in vivo biodistribution of LNP-Luc

To verify the efficacy of mRNA delivery in vitro, we incu-
bated HEK293T cells with 3, 6, or 9 ug of LNP-Luc for
24 h and 48 h and performed luciferase assays with the
cell extracts. Cells were also incubated with 3 pg of naked

125+
__ 1004 g
N3
g‘ 754
2
[}
S 504
3
25+
0-
1ug 500 ng 250 ng 125 ng
mes NP msm |uc-mRNA s | NP-Luc mmm DMSO
D
108
=
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§ 106 -

Bioluminescence
(photonsisec/cm2/sr)
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o foé& E

Fig. 2 Delivery of Luc-mRNA in vitro and in vivo. A HEK293T cells were transfected with naked Luc-mRNA or 3, 6, or 9 ug with Luc-mRNA
encapsulated in LNPs. Twenty-four hours after transfection, cells were collected, and total protein extracts were prepared and used in luciferase
assays. B Cytotoxicity evaluation of LNP-Luc using sulforhodamine B (SRB) assay. HEK293T cells were treated with different amounts of free

or encapsulated mRNA for 24 h. DMSO was used as a positive control for cellular toxicity. C In vivo BLI of LNP-Luc in mice. C Female BALB/c
mice were inoculated with 10 ug of LNP-Luc via IM and subjected to IVIS Spectrum imaging at the indicated times after administration. D
Tissue distribution of LNP-Luc in mice, and E quantification of tissue distribution of LNP-Luc in mice 24 h after administration. F Quantification
of luminescence expressed in photons per second (p/s) following IM inoculation
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Luc-mRNA. As shown in Fig. 2A, low levels of Luc-
mRNA expression were detected as early as 24 h only in
cells incubated with the RNA formulations. Forty-eight
hours post-transfection, a significant increase of lucif-
erase activity was detected in cells transfected with the
LNP-mRNA with dose-dependent levels of luciferase
activity observed with 3, 6, and 9 pg of LNP-Luc, reaching
9.0x10* RLU in cells transfected with 9 ug of encapsu-
lated Luc-RNA. The absence of luciferase activity above
background levels in cells incubated with non-encapsu-
lated RNA (naked mRNA) indicated the dependence of
the LNP for intracellular delivery of RNA.

To determine the cytotoxicity levels in HEK293T cells,
cell viability assays were performed after transfection
with different concentrations (125, 250, 500, and 1000 ng)
of LNP-Luc and naked mRNA or empty LNP (LNP). The
results indicated no toxicity of the LNP formulation
with or without encapsulated RNA, as indicated by cell
viability that remained at approximately 100% 24 h after
transfection (Fig. 2B). Notably, no cellular toxicity was
observed even after incubating 4x 10* cells with 1 ug of
LNP-Luc or empty LNP. DMSO was used in the assay as
a positive control for cellular toxicity. This result indi-
cates that LNP delivery particle is not only efficient but
also safe, as no cell damage was observed.

To visualize the tissue distribution of the LNP-mRNA
formulation, LNP-Luc was injected into the muscle thigh
of BALB/c mice. Six, 24, 48, and 72 h later, the animals
underwent bioluminescence imaging (BLI) analysis. Fol-
lowing IM injection, robust expression of luciferase was
mainly concentrated at the site of injection for the course
of the experiment (Fig. 2C). Long-term retention of LNP
was observed, as the bioluminescence signal was detected
for at least up to 3 days after the injection (Fig. 2D). Fur-
ther ex vivo imaging analysis showed that the liver and
spleen present high bioluminescence levels, whereas the
heart, kidney, and lungs did not show significant levels of
luciferase activity (Fig. 2E, F).

In vivo imaging was also used to examine whether
freezing and thawing compromise the Luc mRNA expres-
sion. Mice were injected intramuscularly with 10 pg of
LNP-Luc seven days after freezing and then underwent
IVIS Spectrum imaging 6 h post-injection. No signifi-
cant changes were observed either in the physicochemi-
cal parameters of the formulations or in mRNA integrity
(Figures S2D-E), biodistribution pattern, or in vivo biolu-
minescent signal of the LNPs when compared to freshly
prepared ones (Figure S2A-C).

A comparative analysis of LNPs formulated with the
two different ionizable lipids, SM-102 or DODMA dem-
onstrated that both formulations exhibit comparable
physicochemical parameters based on DLS measure-
ments and %EE analysis (Figure S3). When transfected
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into HEK293T, in vitro expression analyses of the RNA
delivered by the two LNPs indicated that expression lev-
els of the antigen encoded by the RNA are 2 times higher
in cells transfected with DODMA-based LNP compared
to cells transfected with SM-102-based LNP. When
encapsulating Lucifease RNA and inoculated into mice,
BLI imaging performed 6 h post-administration, showed
similar biodistribution. Taken together, these results fur-
ther encouraged us to test a DODMA-based LNPs for-
mulation in in vivo studies to determine its potential as a
component for novel RNA vaccines (Figure S3).

Evaluation of mice immune response following injection
with LNP-mRNA formulations encoding dengue virus

and L. infantum antigens

To evaluate the immunogenic potential of the LNP-
mRNA formulation, we tested two distinct mRNA
sequences, one encoding 80% of the E protein (E80) from
dengue virus serotype 3 and a second mRNA encoding
a L. infantum protein known as kinetoplast-associated
protein (LinKAP). In the experiments with the dengue
virus antigen, plasmid DNA was used as a positive con-
trol, as previous data from our group demonstrated that
a plasmid DNA vaccine encoding this antigen is highly
immunogenic (unpublished). For the Leishmania anti-
gen, prior studies showed that the recombinant protein
effectively induces high antibody production (Oliveira
et al,, submitted). Based on these previous experiments,
immunization with the recombinant protein and plas-
mid DNA were included as positive controls groups for
the tests of RNA vaccines for dengue and leishmaniasis.
Prior to the LNP preparation, mRNA integrity for both
sequences (E80 and LinKAP) was confirmed in dena-
turing agarose gel electrophoresis, showing an 882 nt
band and a 1608 nt band corresponding to the LinKAP
and E80 mRNAs, respectively (Fig. 3A). To test in vitro
cell delivery and translation efficiency of both LNP for-
mulations, HEK 293 T cells were transfected with the
LNP-mRNA, and twenty-four hours later, western blot
analyses with transfected cell extracts were performed
using anti-dengue antibodies or anti-leishmania LinKAP.
As shown in Fig. 3B, transfection with LNP-E80 resulted
in the expression of a 47 kDa protein secreted in the
culture supernatant, which corresponds to a 429 amino
acid protein known to undergo post-translation modi-
fications. Transfection with LNP-LinKAP resulted in
the production of a protein with approximately 50 kDa
(Fig. 3C). Although the predicted MW of LinKAP protein
is 25 kDa, which corresponds to a 235 amino acid pro-
tein, anomalous gel mobility in SDS-PAGE, most likely
because of the presence of a large repetitive domain, has
been previously observed. Taken together, these results
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indicate that both LNP-mRNA formulations are highly
efficient in delivering functional mRNAs into cells.

To evaluate the immunogenic capacity of the LNP
formulations in vivo, we immunized mice with 10 pg of
LNP-E80 or LNP-LinKAP. For the LNP-E80, we used
a prime-boost protocol, whereas for LNP-LinKAP
immunization, we used a prime-boost-boost protocol
(Fig. 3D). Twenty days after the first and second immu-
nization with LNP-E80, blood was collected, and total
IgG was determined. As shown in Fig. 3E, the immune
response induced by E-80 mRNA is comparable with the
response induced by plasmid DNA immunization with
the corresponding sequence. After prime immunization,
mice receiving either LNP-E80 or the pcDNA-E80 pro-
duced low levels of total IgG, which showed a significant
increase after the second immunization. No significant
statistical difference was observed in IgG titers when
immunization was compared with pcDNA-E80 or LNP-
E80 (Fig. 3E). In contrast, significantly higher levels of
IEN-y produced by mice spleens collected 30 days after
the last immunization were detected after immunization
with the LNP-E80, compared to mice immunized with
pcDNA-E80 plasmid (Fig. 3F).

Regarding immunization with the Leishmania antigen,
the immune response induced by LinKAP mRNA was
compared to that induced by the corresponding recom-
binant protein: one group of mice was immunized with
10 ug of recombinant LinKAP protein purified from E.
coli, and one group with the LNP formulation contain-
ing 10 pg of LinKAP mRNA. ELISA performed with the
recombinant LinKAP protein and sera from immunized
animals twenty days after the third immunization showed
higher levels of antibodies elicited in mice immunized
with LNP-mRNA formulation compared to mice immu-
nized with the recombinant LinKAP protein (Fig. 3G). In
contrast, no significant differences in IFN-y production
were observed in mice immunized with the LNP-mRNA
or the recombinant protein formulations (Fig. 3H). Taken
together, these results showed that, for both dengue virus
or a Leishmania antigen, immunization protocols with
plasmid DNA or a recombinant protein induce similar
humoral and cellular immune responses, when compared

(See figure on next page.)
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with immunization with the corresponding LNP-mRNA
formulation.

Evaluation of innate immune response

Several studies have shown that lipid nanoparticles are
able to enhance the effectiveness of mRNA vaccines by
stimulating innate immunity. We evaluated the ability
of LNP, with or without mRNA, to stimulate the innate
immune response by incubating the nanoparticles with
mouse splenocytes and measuring the levels of differ-
ent cytokines as shown in Fig. 4A. LNPs prepared with
the ionizable lipid SM-102, known for its capacity to
stimulate innate immunity, were used for comparative
analyses [34]. The results demonstrated that both LNPs,
prepared with the DODMA or SM-102 lipid, significantly
induced TNF production, indicating robust activation
of the innate immune response (Fig. 4B). Additionally,
we observed significant stimulation in the production of
IEN-y and IL-6 in response to both LNPs. Also, no sta-
tistically significant differences between LNP-blank and
LNP-mRNA were observed. In contrast, naked mRNA
did not induce the production of any of the evaluated
cytokines, highlighting the role of lipids as an essen-
tial component of mRNA vaccines for effective innate
immune activation. The absence of IL-10 production, an
anti-inflammatory cytokine, is an interesting outcome as
it suggests that LNP do not trigger an anti-inflammatory
response that could attenuate the desired immunologi-
cal efficacy. Furthermore, IL-2, IL-4, and IL-17 were not
detected in any of the conditions tested (data not shown).
These findings suggest that the new LNP formulation
used in our studies is effective in inducing initial inflam-
matory responses characterized by the production of
proinflammatory cytokines such as TNE, IEN-y, and IL-6,
which is important to the adjuvant activity of the delivery
system and the efficacy of mRNA vaccines [24].

Discussion

The indisputable success of the COVID-19 vaccines and
the urgent need to develop other vaccines for infectious
diseases, particularly those affecting the population in
less developed countries, have prompted many groups

Fig. 3 In vitro expression of LNP mRNAs and in vivo immunogenicity A mRNA from two different antigens (E80 dengue virus serotype 3

and LinKAP from Leishmania) were in vitro synthesized and HEK293T cells were transfected with both LNP-mRNAs respectively. Forty-eight hours
after transfection, cells were collected, and a Western blot was performed with B culture supernatant from cells transfected with E80 or C total
protein extract from cells transfected with LinKAP. D Female C57BL/6 mice were immunized IM with 10 pg of LNP-E80 or LNP-LinKAP, naked mRNA
or empty-LNP, with a prime-boost or prime-boost-boost regimen at a 3-week interval. Serum was collected on days 20, 41 and 62 to analyze
specific total IgG. E Total IgG titers after mice immunization with LNP-E80 after the boost (p <0.0001). Thirty days after the last immunization,

mice spleens were collected and used in splenocyte cultures with the appropriate stimuli. F IFN-y production in mice immunized with LNP-E80
(****p <0.0001, ***p <0.001). G Total IgG titers after mice immunization with LNP-LInKAP (p <0.0001). H IFN-y production in mice immunized

with LNP-LInKAP (**p=0.0001, *p=0.0001). Statistical analysis was performed with 2-way ANOVA with Turkey’s multiple comparisons test
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to invest in nucleic acid-based vaccines, notably mRNA
vaccines. In this work, we successfully designed and gen-
erated a novel LNP formulation capable of encapsulating

mRNAs encoding two distinct antigens. For both anti-
gens tested, the dengue virus envelope protein and an
immunogenic protein present in different Leishmania
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Fig. 4 Evaluation of innate immune response. a Splenocytes were isolated from Balb/c naive mice and stimulated with either empty

or mRNA-loaded, or naked mRNA. Sixteen hours post-incubation, cytokine levels were measured using the CBA Mouse Th1/Th2/Th17 kit. b
Cytokine production in response to LNP with or without mRNA and SM-102. Mouse splenocyte cultures were stimulated with LNP, and cytokine
levels were measured 16 h after incubation for TNF, IFN-y, IL-6, IL-10, IL-2, IL-4, and IL-17

species, we showed that the novel LNP-mRNA formula-
tions are safe and highly immunogenic.

One of the main challenges for developing mRNA vac-
cines is the production of LNP that can efficiently deliver
the mRNA into APC. When defining the components
of an LNP, the choice of the ionizable lipid is crucial
since a variety of ionizable lipid formulations with high
encapsulation efficiency have been tested during the
development of many different mRNA vaccines. While
DODMA is not a novel lipid and has been reported in
previous research, its application in LNP for mRNA-
based vaccines represents an unexplored area of signifi-
cant potential. Besides, the current ionizable lipids used
in the commercially available vaccines are under patent
protection. In our studies, DODMA was chosen as an
ideal ionizable lipid due to its advantageous attributes,
including its chemical structure and a pKa value of 6.59
(determined via TNS binding assay), which facilitate effi-
cient LNP formation, membrane fusion, and endosomal
escape [35, 36]. Furthermore, it is commercially available,
simplifying the production process, and, in the context

of ongoing vaccine development, it can be subjected to
intellectual property protection. To our knowledge, it is
the first time that DODMA is employed as an ionizable
lipid for mRNA delivery in mRNA-based vaccines.
Evaluation of the physical properties of the delivery
system showed an average particle size of about 100 nm,
D90<200 nm, regardless of the encapsulated mRNA.
For LNP uptake by dendritic cells, ideal particle sizes
are 20-200 nm, whereas particle sizes between 500 and
5000 nm are preferentially taken up by macrophages [26].
The zeta potential was close to neutrality, slightly nega-
tive, as expected, due to the presence of the PEG layer,
DPSC, and cholesterol. At physiological pH, the excess
ionizable lipid is no longer protonated, thereby not pro-
viding a positive charge to the system. LNPs with a
negative zeta potential are less toxic and immunostimula-
tory than those with a cationic zeta potential. Positively
charged LNP can trigger an immune response, leading
to inflammation and potential tissue damage [17]. In
a previous study, the apparent pKa of LNP composed
of DODMA:cholesterol:DSPC:DMG-PEG in a ratio of
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50:38.5:10:1.5 was determined to be approximately 6.41
using the TNS binding assay [36]. This finding indicates
that the addition of lipids in the formulation has a mini-
mal effect on the overall pKa value. Importantly, this pKa
value significantly facilitates mRNA delivery in vivo, as it
influences membrane fusion and endosomal escape.

Cryo-TEM images showed homogeneous circular
structures with a semi-structured lipid bilayer and an
electron-dense nucleus. Currently, it is believed that
LNP-mRNAs are consistent with the core—shell model,
characterized by a surface layer and an amorphous, iso-
tropic core. Studies indicate two possible core types: an
amorphous core containing water pores surrounded by
inverted cationic lipids or homogeneously dispersed
lipids with small water pockets [13, 37]. The mRNA is
housed within bleb compartments, distinguished by their
characteristic mottled mass density [38]. The CryoTEM
analyses shown here are consistent with the results with
dioleic LNPs, where each lipid tail contains only one
double bond (C18-1 double bond) (DODMA, DODAP),
which revealed LNP populations with a high frequency of
small liposomal structures [17].

The efficacy of mRNA vaccine depends on protein anti-
gen expression followed by an antigen-specific immune
response [10, 12]. Delivery of large mRNA transcripts
remains an important consideration for the development
of vaccines. We showed that all three LNP-mRNA for-
mulations can efficiently deliver mRNAs into cells, yield-
ing detectable protein expression levels as early as 24 h
post-transfection of cell cultures. In contrast to naked
mRNA, which is barely transfected into immortalized cell
lines unless complexed with cationic polymer or lipid-
based reagents, such as TransIT or Lipofectin [12], the
LNP itself functions as a transfection reagent, aiding in
the seamless entry of mRNA into the cellular cytoplasm
through endocytic pathways. For effective transfection,
mRNA must escape the endosomes before they fuse with
lysosomes, and the mRNA is degraded [39]. In contrast
to a few studies indicating that LNP-mRNA may cause
cytotoxicity, including oxidative stress and apoptosis [40],
we showed that, besides efficient transfection, the LNP-
Luc formulation has no toxicity for the transfected cell.

Besides high protein expression levels after in vitro
transfection, mice injection with LNP-Luc also dem-
onstrated that this formulation results in adequate bio-
distribution and highly efficient kinetics. Similar to
the results obtained with other LNP formulations [12,
41-43], upon IM injection, robust protein expression
was readily detected in the muscle tissue at the injection
site and the two most predominant expression sites, the
liver, and spleen (Fig. 2C-F). It has been demonstrated
that once injected intramuscularly, APC, including neu-
trophils, monocytes, macrophages, and dendritic cells,
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efficiently internalize LNPs at both the injection site and
the adjacent draining lymph nodes [26]. Uptake by the
liver and spleen was expected since most nanoparticles
are cleared from blood vessels and trapped off-target in
the mononuclear phagocyte system after administration
[44]. It is important to note that the LNP-Luc formula-
tion was found to be stable at 4°C and after at least seven
days post-freezing. When stored in a cryoprotective
buffer containing tris-sucrose 12%, LNP-Luc was shown
to maintain not only all physical properties but also the
capacity to deliver the mRNA with similar efficiency
compared to the freshly prepared formulation. The
advantage of having a stable mRNA vaccine formulation
at 4 °C is worth noting, particularly if we consider the
development of vaccines to be delivered in areas where
cold-chain control is harder to achieve.

LNPs act as adjuvant by activating innate immune cells
such as APCs, regardless of the presence of encapsulated
mRNA. Alameh et al. (2021) found that LNPs, regardless
of the encapsulated mRNA, induce follicular helper T
cell (Tth cell), B cell, and humoral responses in mice. IL-6
induction and the ionizable lipid component are key for
this adjuvant activity, eliminating the need for additional
adjuvants in mRNA vaccines [24, 27-32]. Evidence of
activation of innate immune cells, the LNP formulation
stimulated naive splenocytes to produce proinflamma-
tory cytokines such as TNF, IFN-y and IL-6 in vitro, even
in the absence of encapsulated mRNA. In contrast, the
production of anti-inflammatory cytokines such as IL-10
was not detected. This cytokine profile was similar to that
induced by LNPs containing a lipid composition used in
commercially available mRNA vaccines.

Finally, we tested antigens from dengue virus and Leish-
mania parasites. These two pathogens were chosen based
on previous studies indicating that protection is mediated
by antibodies and T cells, respectively. After encapsula-
tion into LNPs, mRNAs encoding either the E80 protein
from dengue or the LinKAP from L. infantum were able
to induce strong humoral and T cell responses, as shown
by the high titers of circulating antibodies and IFN-y pro-
duced by T lymphocytes. In contrast to COVID-19 and
malaria, only limited studies describing mRNA vaccines
for leishmaniasis and dengue infection have been pub-
lished [45, 46]. This contrasts with a long list of studies
using recombinant protein and plasmid DNA as a vac-
cine platform for protection against dengue virus and
various Leishmania species [47-52]. Of note, immuniza-
tion of LNP-LinKAP induced higher titers of antibodies
and similar levels of ex-vivo IFN-y compared to immu-
nization with the corresponding adjuvanted recombinant
protein. Likewise, IgG titers and IFNy levels were simi-
lar when comparing mice immunized with either LNP-
mRNA or plasmid DNA in the case of the dengue virus
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antigen. Since IgG levels and IFN-y production correlate
with protection against multiple infectious agents, these
novel LNP-mRNA formulations are likely to be protec-
tive against a wide variety of pathogens.

The selection of two distinct antigens—one viral and
one protozoan—highlights the versatility of the formula-
tion and paves the way for the development of an mRNA-
based vaccine platform using nanoparticles containing
DODMA. This innovative formulation, capable of effi-
ciently encapsulating new antigens and eliciting robust
immune responses, marks a significant step forward in
advancing the creation of novel mRNA-based vaccines,
particularly for neglected diseases.

Conclusion

Here, we developed and characterized LNP loaded with
luciferase mRNA and mRNAs encoding two different
antigens. This novel nano platform effectively delivered
the mRNA to cells and was detected in vivo for at least
3 days following a single injection. Immunogenicity stud-
ies showed the efficient induction of specific antibody
responses and cellular immunity for both evaluated anti-
gens. Although further preclinical studies are required,
the data obtained thus far indicate that this LNP com-
position may be a promising platform for developing
mRNA-based vaccines against various diseases.

Abbreviations

LNP Lipid nanoparticles

mMRNA Messenger RNA

APC Antigen-presenting cells

PEG Polyethylene glycol

IL Interleukin

LinKAP Leishmania infantum Kinetoplast Associated Protein
E80 80% Of the dengue serotype 3 E protein

DODMA 1,2-Dioleyloxy-3-dimethylaminopropane

DSPC 1,2-Distearoyl-sn-glycero-3-phosphocholine

DMG-PEG-2000  1,2-Dimyristoyl-rac-glycero-3-methoxypolyethylene
glycol-2000

Luc Luciferase

PDI Polydispersity index

DLS Dynamic light scattering

NTA Nanoparticle tracking analysis

SRB Sulforhodamine B

DMSO Dimethylsulfoxide

IM Intramuscular

T™MB 3.3"5.5.5-Tetramethylbenzidine

Cryo-TEM Cryogenic transmission electron microscopy

%EE Encapsulation efficiency

RLU Relative light unit

TNF Tumor necrosis factor

IFN-y Interferon-gamma
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Supplementary file 1: Figure S1. Sequences of viral and parasite antigens.
DNA coding region from E80 was used to transcribe EB0 mRNA with signal
peptide from Homo sapiens plasminogen activator (nucleotides 1 to 105),
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and the partial sequence of Leishmania antigen LIN-KAP was used in the
experiments. Figure S2. Freeze-Thaw Stability of LNP-Luc. Female BALB/c
mice were inoculated with 10 pg of LNP-Luc via IM and subjected to IVIS
Spectrum imaging 6 hours after administration of (a) freshly prepared
LNP-Luc in PBS and (b) seven days post-freezing LNP-Luc in tris-sucrose
12%. (c) Quantification of luminescence expressed in photons per second
(p/s) following IM inoculation. (d) Analysis of Luc mRNA in agarose gel in
denaturing conditions: 1- mRNA-Luc extracted from freshly prepared LNP-
Luc and 2- mRNA-Luc extracted from seven days post-freezing LNP-Luc.
(e) Mean diameter, polydispersity index (PDI), zeta potential, encapsulation
efficiency (%EE) for both administered LNP-Luc. Figure S3. Comparative
physicochemical characterization and biodistribution of LNPs containing
DODMA and SM-102. (A) Mean diameter, polydispersity index (PDI), zeta
potential, and encapsulation efficiency (%EE) of LNP-DODMA and LNP-
SM102 encapsulating luciferase mRNA. (B) HEK 293T cells were transfected
with LNP-LinKAP formulated with either DODMA or SM-102. Forty-eight
hours post-transfection, the cells were harvested, and total protein
extracts were prepared for Western blot analysis. The lanes were loaded as
follows: 1 — negative control (non-transfected cells), 2 — naked mRNA, 3 —
LNP-LinKAP (DODMA), 4 — LNP-LInKAP (SM-102). (C) In vivo BLI of LNP-Luc
in mice. Female BALB/c mice were inoculated with 10 pg of LNP-Luc via
IM and subjected to IVIS Spectrum imaging 6 hours after administration of
LNP-Luc (DODMA) and LNP-Luc (SM-102).
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