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Ionizable cationic lipids (ICLs) play an essential role in the effectiveness of lipid nanoparticles (LNPs) for delivery
of mRNA therapeutics and vaccines; therefore, critical evaluations of their biological performance would extend
the existing knowledge in the field. In the present study, we examined the effects of the three clinically-approved
ICLs, D1lin-MC3-DMA, ALC-0315 and SM-102, as well as DODAP, on the in vitro and in vivo performance of LNPs
for mRNA delivery and vaccine efficacy. mRNA-LNPs containing these lipids were successfully prepared, which
were all found to be very similar in their physicochemical properties and mRNA encapsulation efficiencies.
Furthermore, the results of the in vitro studies indicated that these mRNA-LNPs were efficiently taken up by
immortalized and primary immune cells with comparable efficiency; however, SM-102-based LNPs were superior
in inducing protein expression and antigen-specific T cell proliferation. In contrast, in vivo studies revealed that
LNPs containing ALC-0315 and SM-102 yielded almost identical protein expression levels in zebrafish embryos,
which were significantly higher than Dlin-MC3-DMA-based LNPs. Additionally, a mouse immunization study
demonstrated that a single-dose subcutaneous administration of the mRNA-LNPs resulted in a high production of
intracellular cytokines by antigen-specific T cells, but no significant differences among the three clinically-
approved ICLs were observed, suggesting a weak correlation between in vitro and in vivo outcomes. This study
provides strong evidence that ICLs modulate the performance of mRNA-LNPs and that in vitro data does not
adequately predict their behavior in vivo.

1. Introduction

The development of mRNA-based therapeutics and vaccines has
revolutionized the landscape of medicine in the past few years as
administration of exogenous mRNA allows for the production of any
protein of interest, such as antigens, inside the cells [1-3]. A perfect
example of this is the prompt and successful development of the two
mRNA-based vaccines against SARS-CoV-19 to combat the COVID-19
pandemic [4,5]. Due to its unstable nature and inability to cross bio-
logical membranes, mRNA is generally encapsulated into nanoparticle
delivery systems [6,7]. In this context, lipid nanoparticles (LNPs) are the
leading non-viral vector platform for safe and effective mRNA delivery
as they are able to protect mRNA against nuclease degradation, avoid

immune detection, reach the target cells, promote cellular entry, facil-
itate endosomal escape, and release mRNA into the cytosol where it is
translated into the protein of interest [2,8,9]. To date, there are only
three RNA-LNP products that have been approved by the US Food and
Drug Administration (FDA) and European Medicines Agency (EMA) for
clinical use—Patisiran (Onpattro®), a siRNA-LNP formulation for
liver-based gene silencing, and the two mRNA-LNP COVID-19 vaccines
(BNT162b2-Comirnaty® and mRNA-1273-Spikevax®) [10-12]. The
lipid composition of these RNA-LNP formulations consists of four com-
ponents: an ionizable cationic lipid (ICL), cholesterol, a phospholipid (1,
2-distearoyl-sn-glycero-3-phosphocholine, DSPC), and a polyethylene
glycol (PEG)-lipid conjugate [10-13]. These lipid components are
essential for LNP formation and stability as well as mRNA efficacy [13].
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The success of LNPs for mRNA delivery mainly relies on the ICL, and
its features, such as pK, (the negative base-10 logarithm of the acid
dissociation constant) and molecular shape, dictate the in vitro and in
vivo performance of LNPs [14,15]. ICLs are a class of pH-sensitive lipids
that contain, at least, a tertiary amine that is in its non-ionized form
(neutral) at physiological pH (7.4), but when the pH is lower than its
pK,, it gets protonated and thus positively charged. Compared to per-
manent cationic lipids, ICLs (neutral form) show fewer interactions with
blood cells and lower immune-activation potency, which make LNPs
more biocompatible and less immunogenic [8,16]. On the other hand,
efficient mRNA encapsulation into LNPs is achieved at acidic pH (~4.0),
in which the ICL is positively charged to complex anionic RNA molecules
[6,7]. In addition, ICLs promote endosomal escape after
endocytosis-mediated cellular internalization of LNPs. The acidic nature
of the endosomal environment (pH < 6.5) leads to protonation of the
ICLs that interact with anionic endosomal phospholipids forming
cone-shaped ion pairs, which results in endosomal membrane disruption
and subsequent mRNA release to the cytosol [8,15,17]. The molecular
shape of the ICLs also contributes to the endosomal escape of LNPs. ICLs
with cone-shaped morphology—head group cross-sectional area smaller
than the lipid tail region—likely form inverted hexagonal phases with
anionic endosomal phospholipids that can destabilize the endosomal
membrane, and thus release the mRNA cargo to the cytosol [18-20]. In
this sense, the ICLs in the clinically-approved RNA-LNP products,
Dlin-MC3-DMA (Onpattro®), ALC-0315 (BNT162b2-Comirnaty®) and
SM-102 (mRNA-1273-Spikevax®), were designed to have an apparent
pK, value in the range of 6.1 — 6.7, as well as a markedly cone-shape
morphology [14,20].

With the growing evidence that the therapeutic and vaccine efficacy
of LNPs is directly related to the ICL properties, full characterization and
evaluation of their in vitro and in vivo performance are of the utmost
importance, since discrepancies between in vitro and in vivo observations
are commonly reported [21,22]. Regarding the clinically-approved ICLs,
Ferraresso et al., recently reported the comparison of Dlin-MC3-DMA
and ALC-0315 for LNP-mediated siRNA delivery to hepatocytes and
hepatic stellate cells in mice, and they found that ALC-0315-based LNPs
displayed a higher in vivo knockdown of target proteins in comparison to
LNPs containing Dlin-MC3-DMA, but the latter exhibited lower liver
toxicity [23]. Another study showed that, after intramuscular adminis-
tration, mRNA-LNPs with SM-102 were more effective than
Dlin-MC3-DMA in inducing antibody production, as well as they dis-
played enhanced biodegradability, leading to an improved tolerability
[24]. However, to our knowledge, we are the first to report the direct
comparison of the potency and efficacy of Dlin-MC3-DMA, ALC-0315
and SM-102 in terms of in vitro and in in vivo mRNA transfection, protein
expression, and T-cell activation and expansion.

The focus of our study was to systematically compare the three
clinically-approved ICLs, Dlin-MC3-DMA, ALC-0315 and SM-102, in
LNPs for their ability to deliver mRNA to immune cells and elicit cellular
immune responses. DODAP was also included in this study as it was the
first ICL synthesized for nucleic acid delivery [25]. mRNA-LNPs con-
taining these ICLs were prepared by a rapid-mixing method and char-
acterized in terms of particle size and size uniformity, surface charge,
morphology, mRNA encapsulation ability and storage stability. mRNA
transfection and protein expression efficiencies were investigated both
in vitro (immortalized and primary immune cells) and in vivo (zebrafish
embryos). We hypothesized that the distinct ICLs in LNPs would result in
differences in T-cell-inducing vaccine efficacy in vivo—the study was
performed in a mouse model.

2. Materials and methods
2.1. Materials

The ICLs: Dlin-MC3-DMA, ALC-0315, and SM-102 were synthesized
according to previously reported methods (Supporting Information)
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[26-28]. 1,2-dioleoyl-3-dimethylammonium-propane (18:1 DAP,
DODAP), 1,2-distearoyl-sn-glycero-3-phosphocholine (18:0 PC, DSPC),
and 1,2-dimyristoyl-rac-glycero-3-methoxypolyethylene glycol-2000
(DMG-PEG2k) were purchased from Avanti Polar Lipids (AL, USA).
Cholesterol, lipopolysaccharide (LPS) derived from E. coli strain
0111-B4 and Amicon® Ultra-0.5 mL Centrifugal Filter Units (100 kDa
MWCO) were purchased from Sigma-Aldrich (Zwijndrecht,
Netherlands). CleanCap® Ovalbumin mRNA (5-methoxyuridine)
(OVA-mRNA) and CleanCap® Enhanced Green Fluorescent Protein
mRNA (5-methoxyuridine) (EGFP-mRNA) were supplied by TriLink
Biotechnologies through Tebu-Bio (Boechout, Belgium).
Penicillin-Streptomycin (PenStrep), L-glutamine (GlutaMAX™), DiD
Solid DiIC18(5) Solid, Quant-it™ RiboGreen RNA Assay Kit, and Sli-
de-A-Lyzer™ Dialysis Cassettes (20 K MWCO, 0.5 mL) were purchased
from Thermo Fisher Scientific (Bleiswijk, Netherlands). CD8% T Cell
Isolation Kit was purchased from Miltenyi Biotec (Leiden, Netherlands).
Granulocyte-macrophage colony-stimulating factor (GM-CSF) was sup-
plied by Bio-Connect (Huissen, Netherlands). Roswell Park Memorial
Institute (RPMI) 1640 medium, Dulbecco’s Modified Eagle Medium
(DMEM) and Iscove’s Modified Dulbecco’s Medium (IMDM) were pur-
chased from Lonza (Verviers, Belgium). Fluorescent-conjugated anti-
bodies for flow cytometry were purchased from BioLegend (CA, USA) or
Invitrogen (MA, USA). All other reagents were purchased from
Sigma-Aldrich.

2.2. Animal and cell culture

Wild-type C57Bl/6 and OT-I transgenic mice were purchased from
Jackson Laboratory (CA, USA), bred in-house, kept under standard
laboratory conditions, and provided with food and water ad libitum.
Zebrafish (Danio rerio, strain AB/TL) were maintained and handled ac-
cording to the guidelines from the Zebrafish Model Organism Database
(http://zfin.org). Fertilization was carried out by natural spawning at
the beginning of the light period, and eggs were raised at 28.5 °C in egg
water (60 pg mL ! Instant Ocean sea salts).

DC2.4 cells (a mouse dendritic cell line) were kindly supplied by
Kenneth Rock, University of Massachusetts Medical School, Worcester,
MA, USA. RAW 264.7 cells (a mouse macrophage cell line) were sup-
plied by ATCC® (VA, USA). DC2.4 and RAW 264.7 cells were cultured in
RPMI1640 and DMEM, respectively. Both mediums were supplemented
with, 10% FCS, 1% PenStrep and 2 mM GlutaMAX™. Cells were kept
humidified at 37 °C with 5 % CO,. Primary bone marrow-derived den-
dritic cells (BMDCs) were prepared as previously described [29]. In
brief, bone marrow progenitor cells were obtained by flushing the mu-
rine tibia and femur of six-to-eight-week-old C57BL/6 mice and stimu-
lated for 10 days with 20 ng mL GM-CSF in supplemented IMDM
medium, which was changed every 2 days and semi-attached cells were
harvested for experiments. CD8" T cells were isolated from spleens of
OT-I mice via magnetic separation, purified according to manufacturer’s
protocol [30] and stained with carboxyfluorescein succinimidyl ester
(CFSE) to monitor cell proliferation.

All studies involving experimental animals were conducted in full
accordance with the protocols approved by the Ethics Committee for
Animal Experiments of Leiden University and adhered to the Dutch
government guidelines and the Directive 2010/63/EU of the European
Parliament.

2.3. Preparation of mRNA-LNPs

mRNA-LNPs were prepared by a rapid-mixing technique employing a
T-junction device as previously described [31]. Briefly, mRNA and lipids
were separately dissolved in 50 mM sodium citrate buffer pH 4.0 and
ethanol absolute, respectively. For the labeled LNPs, the fluorescent
probe (DiD) was incorporated in the ethanolic solution. The two solu-
tions were mixed using syringe pumps and passed through a T-junction
microfluidic mixer. The resulting suspension was loaded into dialysis
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cassettes and dialyzed against phosphate buffered saline (PBS 1x) pH
7.4. LNPs were composed of the ICL (DODAP, Dlin-MC3-DMA,
ALC-0315, or SM-102)/cholesterol/DSPC/DMG-PEG2k at% mole ra-
tios of 50:38.5:10:1.5, respectively [10,12]. For DiD-LNPs, DiD was used
at a concentration of. 0.2 %. OVA-mRNA or EGFP-mRNA were encap-
sulated into LNPs. The N:P ratio (moles amine of the ICL:moles phos-
phate of mRNA) was set to 6. For particle morphology studies and in vivo
experiments, LNPs were concentrated after dialysis using the 100kDA
MWCO Amicon® Ultra Centrifugal filters.

2.4. Characterization of mRNA-LNPs

The particle size and polydispersity index (PDI) of the mRNA-LNPs
diluted in 1x PBS pH 7.4 were measured by dynamic light scattering
(DLS) using Zetasizer Nano-S (Malvern Instruments Ltd., Worcestshire,
UK) at 25 °C. Zeta potential was measured by particle electrophoretic
mobility using Zetasizer Nano-ZS (Malvern Instruments Ltd), employing
folded capillary zeta potential cells (DTS1070, Malvern)—LNPs were
diluted in 0.1x PBS pH 7.4. Concentration and encapsulation of mRNA in
LNPs were determined using the Quant-it™ RiboGreen RNA Assay. LNPs
were diluted in 1x TE buffer with and without Triton X-100 (to induce
the LNP breaking), followed by the addition of the RiboGreen reagent
diluted in 1x TE buffer. Standard curves were also prepared. RiboGreen
fluorescence was measured using a TECAN Spark® microplate reader
(Mannedorf, Switzerland). Encapsulation efficiency (EE) was calculated
according to the following formula: EE (%) = [(Total mRNA - free
mRNA)/Total mRNA] x 100.

The morphology of the LNPs was assessed by cryogenic transmission
electron microscopy (cryo-EM) using a Talos L120C (NeCEN, Leiden
University) operating at 120 kV. The LNP (3 pL, ~20 mM total lipid
concentration) sample was applied to a freshly glow-discharged carbon
200 mesh Cu grid (Lacey carbon film, Electron Microscopy Sciences,
Aurion, Wageningen, The Netherlands), then waiting for 3 s and lastly
the excess liquid was blotted off for 3 s and plunge-frozen in liquid
ethane using a Vitrobot plunge-freezer (FEI VitrobotTM Mark III,
Thermo Fisher Scientific, Waltham, MA, USA), which was kept at 100 %
humidity during the whole procedure. Images were recorded on a BM-
Ceta (4k x 4k) at a nominal magnification of 45,000x or 73,000x
(2.19 or 1.34 Angstrom per pixel) and defocus of — 5.0 pm.

2.5. Stability of mRNA-LNPs

The storage stability of the mRNA-LNPs was performed at 4 °C for 4
weeks. LNP samples were withdrawn at different times (0, 1, 2, and 4
weeks) and analyzed for changes in particle size, PDI, zeta potential, and
mRNA content.

2.6. Cell viability

DC2.4, RAW264.7 or BMDCs were seeded in 96-well plates at a
density of 2 x 10* viable cells/well and allowed to attach for 24 h at
37 °C. The cells were treated with either naked mRNA or the mRNA-LNP
formulations at different mRNA concentrations (0.01-1000 ng mL D).
After 24 h of incubation, cells were washed with PBS, and cell viability
was determined by alamarBlue™ (Thermo Fisher Scientific) cell
viability assay (DC2.4 and RAW264.7) or flow cytometry, APC-
eFluor780, (BMDCs). Untreated cells were taken as control with 100%
viability.

2.7. Invitro mRNA transfection and translation

The mRNA transfection and translation studies were performed using
EGFP-mRNA-LNPs labeled with DiD. Briefly, Cells—DC2.4, RAW264.7
and BMDCs—were seeded at a density of 2 x 10* cells/well in a 96-well
plate and allowed to adhere for 24 h. Then, cells were treated with
different concentrations (100, 250, 500, and 1000 ng mL™) of either
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naked EGFP-mRNA or the equivalent concentration of EGFP-mRNA-
LNPs in supplemented medium and incubated for 24 h at 37 °Cina 5
% CO, atmosphere. After incubation, cells were washed with PBS,
resuspended in FACS buffer (PBS, 2 % FBS, 0.1 % sodium azide and 1
mM EDTA) and analyzed by flow cytometry (CytoFLEX S, Beckman
Coulter, CA, USA) for DiD and EGFP fluorescence. Data were analyzed
using FlowJo software V10 (Tree Star Inc., OR, USA). The percentages of
positive cells (DiD' and EGFP™ cells) as well as the mean fluorescence
intensity (MFI) values of the positive cells were reported.

For imaging, the cells were seeded in 8-well plate (2 x 10* cells/well)
and incubated at 37 °C for 24 h. Then, they were treated with naked
EGFP-mRNA and DiD-labeled EGFP-mRNA-LNPs at a mRNA concen-
tration of 1 ug mL! and incubated for 24 h. After treatment, cells were
washed with PBS, treated with Hoechst 33342 for nuclear staining and
fixed with 4% paraformaldehyde, followed by confocal microscopy
imaging (Leica TCS SP8 confocal laser scanning microscope, Leica
microsystems, Wetzlar, Germany). Images were processed using
ImageJ® software (United States National Institutes of Health, MD,
USA).

2.8. In vitro DC activation

Immature BMDCs were stimulated with PBS, LPS, naked OVA-mRNA
and OVA-mRNA-LNPs at a OVA-mRNA concentration of 1 ug mL™ for
24 h in supplemented medium. After that, cells were washed and stained
for CD11c (FITC), CD40 (PE), CD86 (APC), MHC-II (eFluor450) and
viability (APC-eFluor780). Expression of surface markers was analyzed
by flow cytometry. Data were analyzed with FlowJo software V10.

2.9. Ex vivo expansion of antigen-specific T cells

Evaluation of the ex vivo proliferation of antigen-specific T cells was
carried as previously described [32]. In brief, BMDCs (2 x 10* cells/-
well) were exposed to naked OVA-mRNA and the four OVA-mRNA-LNP
formulations at different OVA-mRNA concentrations (0.2-200 ng mL'D
for 4 h. Subsequently, the BMDCs were washed with PBS and co-cultured
with OVA specific (OT-I) CD8" T-cells (6 x 10* cells/well) for 72 h in
supplemented RPMI. After incubation, cells were washed and stained for
Thyl.2 (PeCy7), CD8 (efluor450), CD25 (APC) and viability (APC-e-
Fluor780). The cells were washed with PBS, resuspended in FACS buffer
and analyzed by flow cytometry. Data were analyzed with FlowJo
software V10. Levels of cytokines (INF-y, TNF-a and IL-2) in the super-
natants (at mRNA concentration of 2 ng mL ™) of BMDC-T cell cocultures
were measured by an enzyme-linked immunosorbent assay (ELISA),
following the protocol described in [32].

2.10. In vivo mRNA translation in zebrafish embryos

Biodistribution and mRNA translation studies were conducted on
wild-type AB/TL zebrafish embryos. Before microinjection, embryos
were embedded and anesthetized in 0.4 % agarose gel in egg water (60
pg mL7 Instant Ocean sea salts) containing 0.01 % tricaine. Zebrafish
embryos at 2-days post fertilization (dpf) were injected via common
cardinal vein with the DiD-labeled EGFP-mRNA-LNP formulations at a
mRNA dose of 0.3 mg kg’. At 24 h post-injection, DiD-labeled LNPs and
EGFP expression were examined for 6 whole embryos per group by
confocal microscopy, and images were processed and analyzed using
ImageJ® software to calculate of the corrected total cell fluorescence
(CTCF) by using the following formula: CTCF = integrated density —
(area of total fish x mean fluorescence of the background reading).
Calculation of CTCF allowed for the comparison between groups.

2.11. In vivo antigen-specific T-cell response

To determine the antigen-specific T-cell response of the mRNA-LNPs,
C57Bl/6 mice (n = 5 for each group) were injected subcutaneously or
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intravenously with the OVA-mRNA LNPs at an OVA-mRNA dose of 0.25
mg kg'l. After seven days, mice were sacrificed by cervical dislocation
and the spleen was removed. Spleens were harvested and mechanically
processed with a 70-um cell strainer to produce a single-cell suspension.
After centrifugation of the single-cell suspension (spleen suspension),
the supernatant was discarded and ammonium-chloride-potassium
(ACK) lysing buffer was added to the pellet to lyse red blood cells. The
resulting suspension was diluted with PBS and, then, centrifuged to
obtain the cell pellet (splenocytes), which was resuspended in
RPMI1640 medium. The obtained splenocytes were stimulated for 4 h at
37 °C with either PBS or OVAys7_ 264 peptide in the presence of Brefeldin
A. After stimulation, cells were washed and stained for surface mar-
kers—aThyl.2 (PE-cy7), aCD8a (BV510) and viability (Fixable Live/
Dead marker, APC-eFluor780). To measure cytokine production, sple-
nocytes were then washed with PBS, fixed and permeabilized with BD
Cytofix/Cytoperm buffer and stained for intracellular cytokines—oIFN-y
(VB650) and oIL-2 (APC). Finally, the cells were washed and resus-
pended in FACS buffer to be analyzed by flow cytometry. Data were
analyzed with FlowJo software V10. The percentages of positive cells
(cytokine™CD8™ T cells) and MFI values of this cell population were
reported.

2.12. Statistical analysis

Quantitative data were expressed as mean + standard deviation
(SD). Data were processed and analyzed with GraphPad Prism®
(Version 8.00, GraphPad Software, Inc., CA, USA). One-way ANOVA
followed by Tukey’s honestly significant difference test was applied to
compare groups. Data were considered as statistically significant for
values of p < 0.05 (*p < 0.05, **p < 0.01 and ***p < 0.001).
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3. Results and discussion
3.1. Preparation and characterization of mRNA-LNPs

This study was designed to assess the effects of different ICLs may
exert on the LNP physicochemical properties, cellular internalization,
mRNA transfection, protein expression and vaccine efficacy. To
accomplish this, we selected a set of four ICLs: DODAP, Dlin-MC3-DMA,
ALC-0315 and SM-102 (Fig. 1a). Using these ICLs, we then prepared
LNPs containing either OVA- or EGFP-mRNA (Fig. 1b). The lipid
composition of LNPs was ICL/cholesterol/DSPC/DMG-PEG2k with mole
ratios of 50/38.5/10/1.5 (Fig. 1c), and the N/P lipid:mRNA ratio was
6:1. We first checked the physicochemical characteristics of the four
OVA-mRNA-LNP formulations. The results given in Table 1 show that
these mRNA-LNPs exhibited similar particle size (~100 nm) as well as
narrow-size distribution (PDI < 0.2). Furthermore, they had an almost
neutral surface charge with zeta potential values of approximately —10

Table 1
Physicochemical properties of the four OVA-mRNA-LNP formulations.
LNPs Particle size PDI Zeta potential EE (%)
(nm) (mV)
DODAP 97.7 £ 1.5 0.148 + -16.10 £+ 2.23 83.73 =
0.017 1.72
Dlin-MC3- 103.2+ 0.8 0.151 + -10.84 + 1.50 94.78 +
DMA 0.016 0.62
ALC-0315 112.3+1.8 0.168 + -11.25 + 0.68 98.84 +
0.014 1.47
SM-102 102.5 + 1.0 0.155 + -9.34 + 1.02 98.96 +
0.019 0.58

Data are shown as mean =+ SD of three independent experiments.
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Fig. 1. Design and preparation of mRNA-LNPs containing different ICLs. a) Chemical structure and pK, of the ICLs used in this work. b) Schematic representation of
LNP preparation using a rapid-mixing platform approach and c) Lipid composition of the mRNA-LNPs.
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mV, with the exception of DODAP-based LNPs, which presented a more
significant negative zeta potential (-16.1 mV). This small variation
could be explained by the degree of ionization of the ICLs and their
location in the LNP. On the one hand, a recent study revealed that the
ICL (Dlin-MC3-DMA) is located not only in the LNP core but also on the
LNP surface [33]. On the other hand, DODAP has an apparent pK, value
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of 5.6, which is lower than those corresponding to Dlin-MC3-DMA (pK,
6.4), ALC-0315 (pK, 6.1) and SM-102 (pK, 6.7) [14,20]. According to
the Henderson-Hasselbach equation, a lower percentage of ionization of
DODAP at pH 7.4 is expected, resulting in a reduced presence of positive
charges on the LNP surface. Cryo-EM imaging (Fig. 2a) shows that the
morphology of the four mRNA-LNPs was spherical with an
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Fig. 2. Morphological characterization and storage stability of the mRNA-LNP formulations. (a) Cryo-TEM micrographs of mRNA-LNPs made with the four ICLs
(DODAP, Dlin-MC3-DMA, ALC-0315 and SM-102). LNPs show a spherical morphology with a dense inner core enclosed by a monolayer. (b) Particle size, (c) PDI, (d)

zeta potential and (e) mRNA content of the four mRNA-LNP formulations at various time intervals during the stability study. Data are shown as mean + SD, n = 3;
*p < 0.05, * *p < 0.01 and * **p < 0.001.
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electron-dense inner core surrounded by a monolayer, as previously
reported [33]. Furthermore, the particle size and uniformity in particle
size distribution of the LNPs seen by cryo-EM were in agreement with
particle size and PDI determined by DLS. On the other hand, evaluation
of encapsulation efficiencies (EE) demonstrated that mRNA was effi-
ciently encapsulated in the LNPs containing Dlin-MC3-DMA, ALC-0315
and SM-102 as the ICLs, reaching an EE higher than 90%, while the EE of
DODAP-based LNPs was about 80%. This implies that Dlin-MC3-DMA,
ALC-0315 and SM-102 are better ICLs than DODAP for mRNA encap-
sulation, because of their higher pK,.

Subsequently, we studied the stability of the LNPs over time. Particle
size, PDI, zeta potential and mRNA content of the four LNP formulations
were measured immediately after preparation and for a period of four
weeks after storage at 4 °C. In general, measurements of particle size and
PDI of the stored LNPs demonstrated very good stability after 4 weeks;
however, the absolute value of zeta potential slightly decreased (Fig. 2b-
d). In contrast, mRNA content significantly decreased over time,
although no discernable difference between the ICL compositions was
observed (Fig. 2e). These observations are in agreement with previous
works, which demonstrated that LNPs containing either Dlin-MC3-DMA
or C12-200 as the ICLs kept their particle size during long-term storage
at 4 °C, while a significant drop in the mRNA encapsulation efficiency
was observed, which resulted in a reduced mRNA delivery efficiency in
vitro and in vivo [34,35]. The decrease in RNA content may be ascribable
to the presence of water in the LNP core that could hydrolyze the mRNA
molecules [7]. It has been reported that the water content in
Dlin-MC3-DMA-based LNPs is around 24 % (volume fraction) [33], and
this water content could vary depending on the LNP ultrastructure,
which is, in turn, determined by the LNP components [36].

All these results suggest that the studied ICLs have a minimal impact
on the physicochemical properties of mRNA-LNPs particularly on zeta
potential and EE; however, these properties remain stable for at least 4
weeks but not the encapsulated mRNA, probably due to a potential
degradation.

3.2. In vitro mRNA transfection and translation

Immortalized (dendritic cells, DC2.4, and macrophages, RAW264.7)
and primary (BMDCs) immune cells were used to investigate the effect of
the four ICLs on cellular internalization and mRNA transfection. First,
we evaluated the cytotoxicity of naked OVA-mRNA and OVA-mRNA-
LNPs in the cells. In this respect, naked mRNA and the four different
LNP formulations were incubated with the cells for 24 h at various
mRNA concentrations ranging from 0.01 to 1000 ng mL'!. The results
revealed that neither naked mRNA nor mRNA-LNP formulations
decreased cell viability more than 20 % (Fig. S1a-c), which indicates that
they all exhibited excellent biocompatibility. To compare the cellular
uptake and mRNA transfection of the four ICLs, LNPs were formulated
with mRNA encoding EGFP (a fluorescent reporter protein) and labeled
with DiD (a fluorescent probe), and exposed to cells at four mRNA
concentrations (100, 250, 500 and 1000 ng mL™) for 24 h, followed by
flow cytometry and confocal microscopy analysis. We found that the
substitution of OVA-mRNA for EGFP-mRNA and incorporation of DiD
did not have a substantial impact on the physicochemical properties of
the mRNA-LNPs (Table S1). After 24 h of incubation, efficient cellular
uptake (>90% DiD" cells) of DC2.4 cells, RAW264.7 cells and BMDCs
was achieved by all LNP formulations, even at the lowest EGFP-mRNA
concentration tested, whereas naked mRNA failed to enter the cells
(Fig. S2a,c,e). However, when looking at the intracellular levels (MFI
values) of DiD-mRNA-LNPs, we observed a concentration-dependent
uptake with significant differences between the different LNP formula-
tions, particularly, DODAP-based LNPs were less efficient at entering the
cells (Fig. 3a, Fig. S3a, and Fig. S4a). LNPs containing Dlin-MC3-DMA,
ALC-0315 or SM-102 showed similar cellular uptake behavior.
Confocal microscopy images in Fig. 3¢, Fig. S3c and Fig. S4c confirmed
these observations. The lower cellular uptake efficiency of DODAP-
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based LNPs could be due to that they exhibited a more negative sur-
face charge than the other ones. Endocytosis is the most important
pathway for the cellular internalization of mRNA-LNPs, which has been
demonstrated to be dependent on the NP physicochemical properties,
including surface charge-more positively charged or less negatively
charged NPs are taken up into cells more efficiently than strong nega-
tively charged NPs as they are electrostatically repelled by anionic
phospholipids and proteoglycans present in cell membrane, leading to a
poor NP uptake efficiency [37-39].

Next, we evaluated mRNA transfection by monitoring the EGFP
expression in the cells. Similar to the cellular uptake trends, we observed
a concentration-dependent increase in EGFP expression in the three cell
models treated with the EGFP-mRNA-LNPs. The percentages of EGFP™
cells and MFI values increased as the mRNA concentration increased
(Fig. 3b, Fig. S2b,d,f, Fig. S3b and Fig. S4b). Comparison of EGFP
expression efficiency (EGFP' cells and MFI values) revealed the
following sequence from high to low: SM-102 > ALC-0315 > Dlin-MC3-
DMA > DODAP, regardless of the cell model tested (Fig. S2b,d,f) and
with SM-102 significantly outperforming all the other ICL (Fig. 3b,
Fig. S3b and Fig. S4b; p < 0.001). No protein expression was detected
when naked mRNA was used. Cytosolic mRNA delivery is directly
related to the ability of LNPs to escape from endosomes. It has been
found that, after endocytosis, ICLs with excellent transfection effi-
ciencies such as Dlin-MC3-DMA or ACU5 (an ALC-0315 analog) pre-
dominately accumulate in the early and recycling endosomes, while less
efficient ICLs do in the late endosome and/or lysosome [40]. The early
and recycling endosomes have an intraluminal pH around 6.0-6.5, in
which Dlin-MC3-DMA (pK, 6.4), ALC-0315 (pK, 6.1) and SM-102 (pK,
6.7) are expected to be positively charged and interact with anionic
phospholipids present in the endosomal membrane to form cone-shaped
ion pairs, leading to membrane fusion/disruption and subsequent
endosomal escape [17-20,41]. Indeed, the degree of ionization could be
one of the reasons why SM-102 exhibited the highest mRNA transfection
efficiency and DODAP failed to produce significant levels of
EGFP—DODAP-based LNPs have an apparent pK, of 5.64, which is too
low for protonation in the early and recycling endosomes [14,17,20].
Furthermore, Dlin-MC3-DMA, ALC-0315 and SM-102 display a more
accentuated coned-shape molecular structure than DODAP, which has
been found to be incompatible with the lipid bilayer of cell membranes
[18,19,23,27,42]. Additionally, it has been reported that LNPs with a
more homogeneous ultrastructure (exterior bilayer and amorphous
electron-dense core) such as Dlin-MC3-DMA-based LNPs display a
higher in vitro and in vivo mRNA transfection efficiency than LNPs
(DODAP-based LNPs) with heterogeneous ultrastructural features [20,
33,43].

These findings demonstrate that mRNA-LNPs were successfully
internalized by immortalized and primary immune cells and that the ICL
properties (pK, and molecular shape) do play an important role in the
cellular uptake and endosomal escape of mRNA-LNPs, which are crucial
processes in mRNA-mediated protein expression in cells.

3.3. Invitro DC activation and ex vivo T cell proliferation

Vaccination is one of the major application fields for mRNA-LNPs;
hence, we investigated the ability of the four LNP formulations to
induce DC activation and proliferation of antigen-specific T cells, which
are key processes in vaccine-elicited adaptive immune responses [1,2].
The set of LNPs containing OVA-mRNA (mRNA encoding ovalbumin, an
antigen model) were prepared and incubated with BMDCs for 24 h to
assess the expression of surface markers (CD40, CD86 and MHC-II),
which are indicative of DC activation and maturation [44]. The TLR4
agonist LPS was included in the study as a known activator of
antigen-presenting cells (APCs) [45]. As reported in Fig. 4a, treatment of
BMDCs with LPS and LNP formulations (with the exception of
DODAP-based LNPs) significantly up-regulated the cell surface expres-
sion of CD86. In particular, flow cytometry data analysis revealed
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Fig. 3. In vitro cellular uptake and transfection of the mRNA-LNPs in primary BMDCs. a) Cellular uptake and b) EGFP expression after exposing BMDCs with DiD-
labeled EGFP-mRNA-LNPs at different EGFP-mRNA concentrations for 24 h, as determined by flow cytometry. Cellular uptake and EGFP expression efficiencies were
influenced by the type of ICL, resulting in the following order: SM-102 > ALC-0315 > Dlin-MC3-DMA > DODAP. c) Confocal microscopy images of BMDCs showing
cellular uptake (magenta; DiD-labeled LNPs) and protein expression (green; EGFP) after 24 h of incubation. The Nucleus was stained with Hoechst (blue). Data are
shown as mean + SD, n = 3; *p < 0.05, **p < 0.01 and ***p < 0.001.
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Fig. 4. Ex vivo proliferation of antigen-specific T cells induced by OVA-mRNA-LNPs. a) Levels of the surface markers; CD86, CD40 and MHC-II in BMDCs after
treating with the four OVA-mRNA-LNP formulations (OVA-mRNA concentration; 1 ug mL™) for 24 h, as determined by flow cytometry. b) Schematic showing the ex
vivo assay to evaluate T cell activation and proliferation. ¢) Percentages of proliferated OVA-specific CD8" T cells after co-cultured with the OVA-mRNA-LNP-treated
BMDCs for 72 h and d) cytokines levels in the culture supernatant of the stimulated T cells, as determined by flow cytometry and ELISA assay, respectively. Data are

shown as mean + SD, n = 3; *p < 0.05, **p < 0.01 and ***p < 0.001.

significantly higher CD86 levels with SM-102 treatment when compared
to LPS, but comparable to ALC-0315. Both, ALC-0315 and SM-102, were
more effective in up-regulating CD86 expression than Dlin-MC3-DMA.
PBS, naked OVA-mRNA and DODAP did not induce any CD86 expres-
sion. Regarding CD40 and MHC-II, BMDCs pulsed with LPS overex-
pressed these two surface markers. In contrast, there was no significant
difference in CD40 and MHC-II expression between any of the LNP
formulations and PBS, suggesting LNPs did not induce expression of
CD40 and MHC-IL. It has been demonstrated that stimulation and
expansion of T cells can occur through interaction with antigen-loaded

MHC-bearing APCs and co-stimulation of CD80/CD86 rather than
CD40 [46-48]. In addition, ICLs that induce little co-stimulation may
promote tolerance as the absence of CD80/CD86 or CD40 has been
shown to increase the sensitivity of T cells to tolerance induction [46].

Therefore, we next assessed whether the four LNP formulations are
able to induce the proliferation of antigen-specific T cells and whether
the proliferation efficacy is influenced by the different ICLs. We pulsed
BMDCs with naked OVA-mRNA and all four LNP formulations at
different OVA-mRNA concentrations (0.02-200 ng mL ™) for 4 h; after
that, BMDCs were co-cultured with CD8" T cells derived from OT-I
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transgenic mice for 72 h (Fig. 4b). The percentages of proliferated CD8™"
T cells-mRNA concentration curves of naked OVA-mRNA and LNP for-
mulations are given in Fig. 4c. As expected, the exposure of BMDCs to
either naked-mRNA or DODAP-based LNPs resulted in little to no
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proliferation of antigen-specific T cells, due to their poor transfection
and protein expression efficiencies previously observed. In contrast,
Dlin-MC3-DMA, ALC-0315 and SM-102 remarkably induced prolifera-
tion of OVA-specific CD8" T cells in a dose-dependent manner, but with
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Fig. 5. In vivo mRNA translation of EGFP-mRNA-LNPs in zebrafish embryos. (a) Schematic illustrating the intravenous injection of the EGFP-mRNA-LNPs in wild-
type ABTL zebrafish embryos (2dpf). (b) CTCF fluorescence intensities obtained after injecting the EGFP-mRNA-LNP formulations to zebrafish embryos (EGFP-mRNA
dose: 0.3 mg kg'; injection volume: 1 nL), as determined by confocal microscopy and image analysis. ¢) Confocal microscopy images of the zebrafish embryos treated
with DODAP, Dlin-MC3-DMA, ALC-0315 or SM-102. Data are shown as mean + SD, n = 6; *p < 0.05, **p < 0.01 and ***p < 0.001.
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differences and patterns consistent with the transfection studies. The
ECs0 of Dlin-MC3-DMA-, ALC-0315- and SM-102-based LNPs were found
to be 7.69, 1.49 and 0.26 ng mL}, respectively. T cells co-cultured with
SM-102-pulsed BMDCs led to ~30- and ~6-fold increase in T-cell pro-
liferation over Dlin-MC3-DMA and ALC-0315, respectively. Addition-
ally, we tested the influence of the LNP formulations over the CD8" T-
cell effector functions by measuring the secreted cytokine (IFN-y, TNF-a
and IL-2) levels in the BMDC-T-cell coculture supernatant. As shown in
Fig. 4d, stimulated CD8™ T cells with SM-102-pulsed BMDCs produced
the highest levels of the three cytokines, followed by ALC-0315 and Dlin-
MC3-DMA. There was no significant difference in the secretion levels of
IFN-y, TNF-a and IL-2 between naked OVA-mRNA and DODAP-based
LNPs.

Taken together, a high mRNA transfection efficiency combined with
the intrinsic ability to promote DC activation and maturation allows SM-
102 to be the most effective ICL of the four tested in inducing T cell
activation and proliferation.

3.4. In vivo mRNA translation in zebrafish embryos

Prior to explore the ability of OVA-mRNA-LNPs to elicit specific
cellular immune responses in vivo, we evaluated whether the in vitro
findings on protein expression could correlate with in vivo observations.
First of all, we aimed to gain insight into the fate of our LNPs in a bio-
logical system, since biodistribution of nanoparticle delivery systems
plays a key role in therapeutic efficacy [9,49]. To do this, the set of LNP
formulations labeled with DiD was injected into wild-type zebrafish
embryos, and LNP biodistribution was examined by confocal micro-
scopy (Fig. S5a). We used zebrafish embryos as a reliable in vivo model as
they have shown to share several features of the anatomy and physi-
ology with their mammalian equivalents; as a result, zebrafish models
have been extensively used for assessing toxicity, biodistribution, blood
circulation and targeting ability of nanomedicines, including LNPs [31,
50]. At 24 h post-injection, we noted that LNPs were cleared from the
blood circulation and accumulated in endothelial cells as well as the
extravascular space throughout the zebrafish embryo body, as shown in
Fig. S5b. It is known that PEG-lipids containing short alkyl chains such
as DMG-PEG2k accelerate the blood clearance of LNPs, because they
shed from LNPs due to their interaction with serum proteins [51-54].
After PEG dissociation, LNPs interact with biomolecules from biological
fluids, mainly serum proteins such as apolipoproteins (Apos), being
adsorbed on the LNP surface to form the protein corona of which its
composition has been shown to dictate the LNP interactions with tissues
and cells [55]. As depicted in Fig. S5b, LNPs preferentially accumulated
in the tail region, which is rich in macrophages and scavenger endo-
thelial cells (analogous to mammalian liver sinusoidal endothelial cells).
This can be explained by the high endocytic capacity of these cells [31].
In addition, the observed largely non-selective accumulation pattern is
in accordance with previous zebrafish biodistribution studies regarding
near-neutral charged nanoparticles [56,57]. Moreover, accumulation in
the extravascular space seemed higher for LNPs containing the
clinically-approved ICLs, especially for ALC-0315-based LNPs. This
could be due to the fact that the lipid composition of LNPs can signifi-
cantly influence the protein corona composition and thus, the interac-
tion of LNPs with specific tissues [31,55-58].

After the biodistribution study, we investigated the in vivo LNP-
mediated mRNA translation; therefore, we injected all four EGFP-
mRNA LNP formulations into zebrafish embryos (Fig. 5a) and EGFP
expression was examined by confocal microscopy (Fig. 5b-c). In line
with the in vitro mRNA transfection and translation findings, zebrafish
embryo treated with DODAP- and Dlin-MC3-DMA-based LNPs showed a
very low and moderate EGFP expression, respectively. Unexpectedly,
ALC-0315 and SM-102 exhibited similar protein expression in vivo,
despite SM-102 displayed a marked superiority for mRNA transfection
and translation in vitro. The order of in vivo protein expression efficiency
was found as follows: SM-102 = ALC-0315 > Dlin-MC3-DMA
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> DODAP. One possible explanation of the observed comparable mRNA
translation efficiency between ALC-0315 and SM-102 could be related to
the LNP charge-mediated trafficking as surface charge could influence
the protein corona composition and subsequent cellular uptake [13].
ALC-0315-based LNPs had a slightly more negative surface charge than
LNPs containing SM-102. LNPs with slight negative surface charge have
shown to be more efficient in in vitro transfection, whereas more nega-
tive LNPs displayed higher potency after IV administration, probably
due to a more efficient Apo-E adsorption and passive targeting, which
could be compensating the lower endosomal escape efficiency of
ALC-0315 compared to SM-102 [20,59].

In summary, the mRNA translation results revealed discrepancies
between in vitro and in vivo performance of the ICLs, particularly, ALC-
0315 and SM-102. The latter exhibited superior in vitro potency
compared to ALC-0315, but both showed similar in vivo performance.

3.5. In vivo cellular immune response in mice

To test and compare the in vivo vaccine efficacy to induce cellular
immune responses, the set of OVA-mRNA-LNPs was administered sub-
cutaneously or intravenously as a single injection to C57B1/6 mice at a
dose of 0.25 mg kgl. At 7 days post-immunization, single-cell suspen-
sions obtained from spleens (splenocytes) were re-stimulated with either
PBS or OVAjys7_264 peptide and analyzed by flow cytometry in order to
measure the intracellular cytokine production mediated by OVA-specific
T cells (Fig. 6a). After ex vivo re-stimulation, in comparison to treatment
with either naked OVA-mRNA or DODAP, Dlin-MC3-DMA, ALC-0315
and SM-102 led to a significantly higher IFN-y and IL-2 production
(Fig. 6b,c). We found that subcutaneous immunization of mice with
these LNPs resulted in approximately 3-6 % and 2-3 % of IFN-y— and IL-
2-producing CD8' T cells, respectively, suggesting that these OVA-
mRNA LNPs triggered a specific immune response to OVAgsy 264 pep-
tide. In contrast, when these OVA-mRNA LNPs were intravenously
administered, no cytokine production was observed (Fig. S6a-b), prob-
ably due to that mRNA-LNPs, after intravenous administration, lead to
particle accumulation and protein expression mainly in the liver [60].
On the other hand, subcutaneously administered LNPs largely remained
at the injection site where mRNA is translated into corresponding pro-
tein although protein expression has been also observed to occur in the
local axial and brachial draining lymph nodes [61,62]. This suggests a
cell-mediated transport to the lymph nodes as subcutaneously admin-
istered liposomes showed to target cells under the skin, including APCs,
which can take up and transport cutaneous antigens to draining local
lymph nodes and present them to T cells [63], although further studies
are needed to explain the proliferation of antigen-specific T cells
detected in the spleen. ALC-0315 and SM-102 showed comparable
percentages of IFN-y— and IL-2-producing CD8" T cells, which is in the
line with our findings in regard to in vivo protein expression studies.
Surprisingly, compared to ALC-0315 and SM-102, we observed no sig-
nificant differences in OVA-specific CD8" T-cell-mediated cytokine
production when mice were immunized with Dlin-MC3-DMA, despite
the lower in vitro/in vivo mRNA transfection and translation of
Dlin-MC3-DMA-based LNPs. These results suggest that, in contrast to our
in vitro observations where the proliferation of antigen-specific T cells
only depends on the expressed antigen levels in APCs, in vivo activation
of T cell-mediated immunity also requires other immunological events
[23,64]. For instance, it has been demonstrated that intramuscularly
administered Dlin-MC3-DMA-based LNPs elicit a stronger innate im-
mune response than SM-102-based LNPs [23,65], which may have
compensation of the lower transfection efficacy of Dlin-MC3-DMA-based
LNPs. Moreover, the effect of the LNP composition on the migration of
antigen-loaded mature APCs to the draining lymph nodes—regarding
the number of migrating cells—could also explain the observed differ-
ences in the in vivo activation of antigen-specific T cells [66]; however,
further investigation is required. On the other hand, the uptake of
mRNA-LNPs is not APC-specific, and neighboring cells can also take
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Fig. 6. In vivo cellular immune response induced by the OVA-mRNA LNPs in mice. (a) Schematic showing the subcutaneous injection of OVA-mRNA-LNPs in C57Bl/
6 mice. Percentages of (b) IFN-y— and (c) IL-2—-producing CD8™ T cells after subcutaneous administration of naked OVA-mRNA, DODAP, Dlin-MC3-DMA, ALC-0315 or
SM-102 in mice (OVA-mRNA dose: 0.25 mg kg™), as determined by flow cytometry. Data are shown as mean + SD, n = 5; *p < 0.05, **p < 0.01 and ***p < 0.001.

11



O. Escalona-Rayo et al.

them up. Davies et al. demonstrated that mRNA-LNPs mostly remain at
the injection site upon subcutaneous administration, which are prefer-
entially taken up by adipocytes [61]. This non-specific uptake of LNPs
by APCs could lead to a variation in vaccine efficacy, where the LNP
composition may also play an important role.

All this in vivo evidence points towards Dlin-MC3-DMA-, ALC-0315-
and SM-102-based LNPs elicited a strong antigen-specific T cell immune
response in vivo with comparable efficacy.

4. Conclusion

The ICLs are key components for cellular uptake and endosomal
escape of mRNA-LNPs; however, extensive evaluations of their in vitro
and in vivo performance are still required. This work reports for the first
time the head-to-head comparison of four ICLs—DODAP, Dlin-MC3-
DMA, ALC-0315 and SM-102—formulated in LNPs for mRNA trans-
fection and T cell activation. In this regard, the studied ICLs had no effect
on the particle size, PDI, zeta potential and EE of the mRNA-LNPs, and
these parameters remained stable for at least 1 month, with the excep-
tion of the encapsulated mRNA. Furthermore, the four mRNA-LNP for-
mulations were efficiently taken up by immortalized and primary
immune cells, and they were able to induce the expression of a fluo-
rescent protein model, with marked differences in efficiency. Moreover,
OVA-mRNA-LNPs containing Dlin-MC3-DMA, ALC-0315 or SM-102
produced a strong T cell immune response; however, important dis-
crepancies between in vitro and in vivo findings regarding their potency
were observed. Based on our findings, we suggest that a deep and
comprehensive evaluation of the physicochemical properties and bio-
logical behavior of the ICLs is needed to better understand the perfor-
mance of LNPs in the delivery of mRNA therapeutics and vaccines.
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