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ABSTRACT

Messenger RNA-based vaccines have the potential to trigger robust cytotoxic immune
responses, which are essential for fighting cancer and infectious diseases like HIV. Dendritic
Cells (DCs) are choice targets for mRNA-based vaccine strategies, as they link innate and
adaptive immune responses and are major regulators of cytotoxic and humoral adaptive
responses. However, efficient delivery of antigen-coding mRNAs into DC cytosol has been
highly challenging. In this study, we developed an alternative to lipid-based mRNA delivery
systems, using poly(lactic acid) nanoparticles (PLA-NPs) and cationic cell-penetrating
peptides as mMRNA condensing agent. The formulations are assembled in two steps: (1)
formation of a polyplex between mRNAs and amphipathic cationic peptides (RALA, LAH4
or LAH4-L1), and (2) adsorption of polyplexes onto PLA-NPs. LAH4-L1/mRNA polyplexes
and PLA-NP/LAH4-L1/mRNA nanocomplexes are taken up by DCs via phagocytosis and
clathrin-dependent endocytosis, and induce strong protein expression in DCs in vitro. They
modulate DC innate immune response by activating both endosome and cytosolic Pattern
Recognition Receptors (PRRs), and induce markers of adaptive responses in primary human
DCs in vitro, with prevalent Thl signature. Thus, LAH4-L1/mRNA and PLA-NP/LAH4-
L1/mRNA represent a promising platform for ex vivo treatment and mRNA vaccine

development.

Keywords: mRNA-vaccine, nanoparticle (NP), poly(lactic acid) (PLA), LAH4-L1, Cell-
Penetrating Peptide (CPPs), dendritic cells
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1. Introduction

Over the past decades, traditional vaccines consisting of killed, inactivated or subunit
pathogens have been successfully used against infectious diseases allowing an efficient and
protective humoral immune response [1]. Despite their major successes in modern medicine,
these approaches have limitations and are not applicable for chronic infections or cancers
where cellular immune responses are mostly required [2]. These diseases require vaccine
formulations that promote robust cell-mediated (Thl-biased) immune response instead of
humoral (Th2-biased) immune response. Cellular immune responses with CD8" cytotoxic T
cells (CTLs) have the unique potential to eliminate infected or altered cells, and may have a
central role in host responses to viral infection like HIV and cancers [3]. CTLs are elicited
against intracellular antigens produced in the cytosol, processed by the proteasome and loaded
onto major histocompatibility class I (MHC-I) complexes for cell surface presentation [4].
This requires that vaccine proteins have to be delivered to the cytosol of antigenic presenting
cells (APCs), like dendritic cells (DCs), which play a central function in immunity by

orchestrating innate and adaptive immune responses, through antigen presentation [5].

In recent years, interest in using in vitro transcribed (IVT) messenger RNA (mRNA)
to elicit CTLs and/or Thl-biased immune responses has exponentially increased [6-9].
MRNA vaccines have several advantages over other vaccine approaches, like a high safety
profile, a flexibility to encode any protein as antigen and a simple, inexpensive and rapid
production, which is of great importance in case of pandemic crisis [6,9,10]. Moreover,
MRNA is transiently translated in cells and is degraded in a relatively short but controllable
amount of time [7,9]. This capacity allows a more controlled antigen exposure and minimizes
the risk of tolerance induction that can be associated with long-term antigen exposure [10].
One other important advantage is the higher capacity of mRNA-based vaccines to transfect
non-dividing cells, as DCs, where mRNA is translated into functional protein [10]. This
intracellular production of antigenic protein is responsible for antigen presentation and T-cell
activation, with both CD4" and CD8" T aspects. That is why, mRNA have shown
considerable promises for both prophylaxis and the treatment of various diseases, including

HIV [9,11] and more than ten types of cancers [9,12].

However, to induce mRNA expression in DC, their efficient delivery into the cytosol
before degradation must be achieved. In fact, exogenous MRNA must penetrate the barrier of
the lipid membrane in order to reach the cytoplasm to be translated into a functional protein.
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Two major strategies have been described to target DCs with mRNA [9]. The first strategy is
based on ex vivo mRNA loading into DCs and re-infusion of the transfected cells [13]. Ex vivo
DC loading allows an optimal control of the cellular target with high transfection efficiency.
However, this is an expensive and constrained approach. The second strategy consists in a
direct mRNA injection in a more rapid and cost-effective approach, but without cell type
specificity. Both approaches have been explored with a variety of formulations to protect the
antigenic mRNA from RNases, facilitate its uptake into cells and improve their potency [9].
Promising results have been obtained with several types of delivery system (rewiewed in [9]),
including polyplexes [14-18] or lipoplexes [19-22]. But the most efficient approach currently
used is based on mRNA vectorization of cationic lipid-based nanoparticles, and particularly in
lipid nanoparticles (LNP) [23-27]. Some formulations have already entered clinical trials in
the field of cancer immunotherapy and infectious diseases like influenza virus and HIV [9]. In
contrast, reports on the use of polymeric nanoparticle carriers for mMRNA delivery are scarce,

even if they have shown great potentials in vaccination field [28-31].

Biodegradable nanoparticles based on poly(lactic acid) (PLA) backbone have gained
recent interest in vaccine development. Indeed, PLA is a biodegradable and biocompatible
polymer which presents a high safety profile [31] and has been approved by the Food and
Drug Administration [32]. PLA-nanoparticles (PLA-NPs) constitute a versatile vectorization
platform for their capacity to encapsulate and/or adsorb various antigens and
immunostimulant molecules [29,30,33,34]. PLA-NPs have shown advantages in the
vaccinology field for the induction of immune responses against various model antigens after
parenteral administration in mammals [30,33,35]. Moreover, PLA-NPs are efficiently taken
up by DCs in vitro and in vivo [33,36,37]. In fact, the nanoparticle format presents advantages
for the delivery of mRNA to DCs and could improve their uptake by these cells [38].
However, both the PLA-NP surface and mRNA biomolecules are negatively charged. To
adsorb mRNAs onto the surface of PLA-NPs, it is necessary to reverse the net surface charge
of the NP or to design a mRNA intermediate complex which is positively charged. Thus, the
use of cationic intermediates can be a promising approach. Indeed, in a pioneering work,
Bettinger et al. demonstrated that low molecular weight cationic polymers form complexes
with mRNAs [18]. Moreover, the addition of a membrane-active peptide is required for the
endosomal escape of these complexes, and efficient mRNA translation in the cytosol. Recent
studies have proposed that cationic cell-penetrating peptides (CPPs), small peptides composed

of 8 to 30 amino acids with a net positive charge, might constitute an excellent vehicle for
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MRNA delivery [39]. They combine low charge densities with an ability to induce membrane
disruption for endosomal escape. In fact, this process is essential to allow cytosol delivery of
MRNA where it can be recognized by protein synthesis apparatus and translated into protein
[10].

In this study, we have developed and compared new mRNA platforms using three
different CPPs (RALA, LAH4 and LAH4-L1) as cationic intermediates for vectoring mRNA
onto PLA-NPs. We have evaluated the interest of these peptide/mRNA polyplexes and PLA-
NP/peptide/mRNA nanocomplexes to transfect DCs and activate innate and immune signaling
responses through transcriptomic analysis. The highest protein expression in DCs was
observed with LAH4-L1 and PLA-NP/LAH4-L1 formulations. These formulations trigger
innate immunity through PRR activation and activate adaptive immune responses, including a
prevalent Thl aspect. To understand the mechanisms of each formulation involved in these in
vitro activations, we also have investigated the uptake mechanism and the intracellular traffic
of particles in DCs, indicating a clathrin-mediated endocytosis and phagocytosis pathways.
Thus, these data show that LAH4-L1/mRNA polyplexes and PLA-NP/LAH4-L1/mRNA

nanocomplexes are promising platforms for mMRNA vaccine delivery to DCs.
2. Materials and methods

a. Production of in vitro transcribed mRNA

pGEM4z-HxB2gag-64A encoding Gag antigen was kindly given by Guido Vanham
(University of Antwerp, Antwerp, Belgium). The HxB2 gag gene is under the control of a T7
promoter and a unique Ehel restriction site is located just downstream of the (A)es tail.
pGEM4z-HxB2gag-64A was propagated in NEB® Stable Escherichia coli bacteria (New
England Biolabs (NEB), France) and purified using NucleoBond Xtra Maxi Endotoxin Free
kit (Macherey-Nagel, France). The plasmid was linearized with Ehel restriction enzyme
(NEB), purified using a Wizard Genomic DNA Purification Kit (Promega, France), and used
as a DNA template for in vitro transcription. Capped mRNA transcripts (IVT) were produced
using the T7 MessageMachine Kit (Ambion, Life technologies, France). mRNA purification
was performed by DNase | digestion, followed by LiCl precipitation and mRNA pellet was
solubilized in RNase-free water.

eGFP mRNA encoding green fluorescent protein was provided by Guido Vanham

(University of Antwerp, Antwerp, Belgium). RNA was quantified by spectrophotometric
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analysis at 260 nm and analyzed by standard agarose gel electrophoresis to confirm the

integrity of this full-length mRNA. All mMRNAs were stored in RNase free water at —80 °C.
b. Production of fluorescent labeled mRNA

Gag mRNA was labeled with MF488 using the Label IT Nucleic Acid Labeling
Reagent kit (Mirus, Euromedex, France) according to the manufacturer’s instructions. Briefly,
5 ng of mRNA was stained with kit reagents for 1 h at 37°C, and fluorescent mRNA was
purified using ethanol precipitation. The pellet was resuspended with 10 uL of nuclease-free
water and mRNA labeled was quantified by spectrophotometric analysis, while mRNA

integrity was checked through agarose gel electrophoresis.
c. Polyplexes and nanocomplexes preparation and characterization

To form polyplex, mMRNA was diluted in RNA-free water at 40 ng/uL and mixed
(VIV) with 800 ng/uL in RNA-free water of LAH4-L1
(KKALLAHALHLLALLALHLAHALKKA), LAH4
(KKALLALALHHLAHLALHLALALKKA) or RALA
(WEARLARALARALARHLARALARALRACEA) peptides (GeneScript, China). Then,
equal volumes of those polyplexes and PLA-NP (at 0.5% in water; Adjuvatis, France) were
mixed to form PLA-NP/Peptide/mRNA nanocomplexes.

The hydrodynamic diameter and zeta potential (surface charge) of mMRNA
formulations were determined by dynamic light scattering (DLS) using the Zetasizer Nano ZS
(Malvern Instrument, U.K.).

Complexes were also analyzed using an electrophoretic mobility shift assay (ESMA).
In some samples, a heparin/proteinase K treatment was performed in order to separate mMRNA
from the complexes. Briefly, complexes were first treated or not with heparin (Sigma, France)
during 1 h at RT, and secondly with proteinase K (NEB, France) at 56°C during 30 min. Each
sample (treated or not) containing 200 ng MRNA was loaded into one well and analyzed by
electrophoresis in a standard 1% agarose gel in presence of ethidium bromide (Genesee
Scientific).

To highlight the association between mRNA and PLA-NP, a Fluorescence Resonance
Energy Transfer (FRET) assay was performed. Components were associated as described
above, with a Ribogreen fluorescent mRNA (Quant-IT Ribogreen™ RNA assay kit,
Invitrogen) and CellTrace™ BODIPY-TR Methyl Ester fluorescent PLA-NP (Adjuvatis,
France). 100 puL of each complex was deposited in triplicate in black 96-plate well (flat-

bottom). Fluorescence was recorded on Tecan i-control Infinite M1000) (Tecan, Swiss) for
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Ribogreen™ (460nm/520nm), BODIPY-TR (561nm/625nm) and FRET (460nm/625nm).
Fluorescence was determined as the mean of three independent experiments and results were

normalized to remove the contribution of free PLA-NPs.
d. Expression efficiency analysis

Immortalized DC2.4 (a murine bone marrow derived dendritic cell lines [40] and
kindly provided by Jacqueline Marvel group (CIRI, France)) was propagated in complete
RPMI-1640 medium with 10 % heat-inactivated fetal bovine serum (FBS), 10 mM Hepes and
50 uM B-mercaptoethanol (Gibco, Life Technologies, France) at 37° and 5 % CO,. HeLa
(ATCC® cCL-2™) and HEK293(ATCC® CRL-1573™) were cultured in DMEM containing
10% heat-inactivated FBS (Gibco, Life Technologies, France) at 37°C and 5 % CO2. Cells
were used with a low passage number (less than 12).

One day before transfection, cells were seeded in a 96-well plate at the density of
25 000 cells (in 100 pL of complete medium) per well. After 24 h, complete medium was
replaced by 100 pL of serum-free medium. Formulations were added to cells with a volume
allowing the transfection of 20 ng of eGFP mRNA or equivalent volume for controls. Four
hours after transfection, supernatants were removed and 100 pL of complete medium was
added. Then, cells were incubated at 37°C and 5% CO?2 until the analysis (0 to 48 h). Positive
control of transfection was performed with Trans IT®-mRNA Transfection Kit (Mirus,
Euromedex, France) using the manufacturer’s recommendations. Briefly, 0.5 pg of mRNA
was added to 50 pL of serum-free medium, and 1 pL of Trans IT mRNA reagent and 1 pL of
MRNA Boost Reagent were then added. After 5 min at room temperature, complex mixture
was added to cell at the desired concentration. Negative controls were performed with peptide
alone, PLA-NP/Peptide complex, naked PLA-NP and naked mRNA at equivalent
concentrations that nanocomplexes.

To quantify the percentage of eGFP fluorescent-positive cells and Mean Fluorescence
Intensity (MFI), transfected DCs were harvested, stained with propidium iodide (Invitrogen)
and analyzed by AccuriC6 flow cytometer (BD Biosciences) on the platform "AniRA
cytométrie” (SFR BioSciences, UMS3444/CNRS). Dead cells were excluded using propidium
iodide, and then living DCs were gated based on their large forward scatter (FSC) and large
side scatter (SSC) profile, to avoid cell debris. Data analysis was performed with BD Accuri
C6 Software CFlow Plus (BD Biosciences). Data were determined as the mean of three

independent experiments.
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e. Stability of formulations

To verify formulation stability, polyplexes and nanocomplexes were prepared and
conserved at 4°C during 21 days. At each time-point, the hydrodynamic diameter and zeta
potential were determined by DLS using the Zetasizer Nano ZS (Malvern Instrument, U.K.)
and the expression efficiency was determined as described in the precedent part by flow

cytometry.
f. Cytotoxicity of formulations

Cytotoxicity of complexes was evaluated by Presto Blue Assay (Thermo Fisher
Scientifc) according to the manufacturer's instructions. Briefly, DC2.4 cells were seeded at a
density of 25000 cells/well into 96-well plates a day prior to the transfection. Transfection
with complexes was performed, as previously described, with a volume allowing the
transfection of 20 ng of eGFP mRNA or equivalent volume for controls, and cytotoxicity was
measured 24 h later. After incubation, 10 pL of Presto Blue Reagent was added and plates
were incubated 10 min at 37°C. Fluorescence was detected on Tecan i-control Infinite M1000
(560nm/590nm; Bandwidth 10 nm; Gain 91) (Tecan, Swiss). Fluorescence was determined as

the mean of two replicates and three independent experiments.
g. Endocytosis mechanisms analysis

DC2.4 cells were seeded into 96-well plates at the density of 25000 cells/well a day
prior to the transfection. Medium was removed 15 min before transfection and 100 pL of
serum-free medium in presence of one molecule inhibitor was added. Used concentrations and
mode of action of genistein, chlorpromazine, dynasore, nocodazole, amiloride, pimozide and
cytochalasine inhibitors were indicated in supplementary data (Table I). After 15 min, cells
were treated with formulations (with a volume allowing the transfection of 20 ng of eGFP
MRNA or equivalent volume for controls) during 2 h. To analyze uptake efficiency, cells
were incubated with an MFP488 fluorescent mRNA alone or in complex. After 2 h, cells were
harvested, treated with 0.2% trypan blue and analyzed by flow cytometry, as described

previously.
h. Endosome escape evaluation

DC2.4 were seeded into 96-well plates at the density of 25000 cells/well a day prior to
the transfection. Cells were treated 15 min before transfection with 175 mM of Bafilomycine
Al (Invivogen, France) in 100 pL of serum-free media. Complexes and associate controls

were added (with a volume allowing the transfection of 20 ng of eGFP mRNA or equivalent
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volume for controls) for 4 h. After medium replacement, cells were incubated 12 h at 37°C
and 5% CO2, and then they were harvested and analyzed by flow cytometry as described

previously.
i. Immunostainning of moDCs

To verify gag expression in moDCs, pl17 protein (a component of gag polyprotein)
was stained in moDCs. Cells were seeded at a seeding density of 50 000 cells/well into pSlide
12 well Chamber (Ibidi, Germany) and transfected as previously described with a volume
allowing the transfection of 40 ng of mRNA or equivalent volume for controls in 200 pL of
serum-free medium for 2 h. Then, cells were rinsed with PBS 1X, fixed with 4%
paraformaldehyde for 20 min at RT, permeabilized in 0.1% Triton-PBS 1X at RT for 15 min
and saturated with 1% BSA-PBS 1X for 1 h at RT. After saturation, cells were incubated 2 h
with anti-p17 (5 pg/mL; kindly given by Christophe Guillon, CNRS/University of Lyon,
France), washed and stained with secondary antibody FITC anti Mouse IgG (5 pg/mL;
Jackson Immuno Research) in the dark for 1 h at RT. Then, cells were washed and mounted
on glass slides using Vectashield mounting medium with DAPI (Vector laboratories). Slides
were analyzed using a SP5 upward confocal microscope (Leica) with 63x/1.4NA objective

and data were analyzed using ImageJ Software.
j. Determination of innate immune-stimulatory activity

HEK-Blue hTLR7 and HEK-Blue hTLR73 reporter cell lines (InvivoGen) were used
as specified by the manufacturer to detect TLR7 and TLR3 stimulation. Briefly, 50 000
cells/well were seeded into 96-well plates and stimulated during 24 h with the different
formulations. TLR7 or TLR3 activation was monitored by quantifying the amount of the
secreted embryonic alkaline phosphatase (SEAP) which is placed under the control of IFN-$
minimal promoter fused to five NF-xB and AP-1-binding sites. The level of alkaline
phosphatase can be determined with a detection medium that turns blue in its presence.

Sample absorbance was measured at 620 nm using a microplate reader (Bio-Rad).
k. Preparation and stimulation of human monocyte-derived DCs

Monocytes were purified from human peripheral blood and differentiated into moDCs
as previously described [33]. Briefly, PBMCs were isolated from venous blood samples (from
Etablissement Francais du Sang, Lyon) by density gradient centrifugations using Ficoll-
Paque™ plus and Percoll (GE Healthcare). Remaining erythrocytes, NK, B- and T- cells were
then depleted by anti-glycophorin A, anti-CD56, anti-CD19 and anti-CD3 antibodies
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(Beckman Coulter) respectively, using Dynabeads® Pan Goat antimouse 1gG (Invitrogen). To
differentiate purified monocytes (0.5x10° cell/ml) into MoDCs, cells were cultured in RPMI
medium supplemented with 10% heat-inactivated fetal bovine serum (FBS), gentamycin (50
U/ml), 100 U/ml penicillin and 100 pg/ml streptomycin in the presence of 62.5 ng/ml of
human interleukin-4 (IL-4) (Miltenyi Biotec, France) and 75 ng/ml of human granulocyte
macrophage colony stimulating factor (GM-CSF) (Miltenyi Biotec, France). After 6 days,
complexes were added to 1 x 10° differentiated moDCs in similar culture medium depleted of
serum for 2 h (volume allowing the transfection of 660 ng of gag mRNA or equivalent
volume for controls). After addition of FCS, cells were incubated 24 h or 48 h at 37 °C, 5%
CO2. DCs only cultured in complete RPMI medium were used as a negative control of
stimulation, and those cultured in the presence of 2.5 ug/ml of LPS (Invivogen, France) were
used as a positive control.

DC maturation was assessed by cell surface immunostaining using monoclonal
antibodies against lineage markers and co-stimulatory molecules. Cells were then stained with
anti-CD1a-FITC, anti-CD14-FITC, anti-HLA DR-FITC, anti HLA-ABC-FITC, anti-CD40-
PE, anti-CD80-PE, and anti—-CD86-PE mAbs (BD Pharmingen). Data were acquired using a
FACSCanto flow cytometer (BD Biosciences) and analyzed with FlowJo software (Tree
Star).

I. Real-time gPCR analyses

The different complexes were incubated 2 h to 4 x 10° of differentiated moDCs
without serum (volume allowing the transfection of 2640 ng of gag mRNA or equivalent
volume for controls). FBS was added and cells were incubated at 37 °C, 5% CO2. After 6h of
incubation, RNA was extracted from moDCs using Qlamp RNA Blood Mini Kit (Qiagen).
Using 0.5 ng of mRNA per conditions, the expression of 84 genes was quantified using an
RT? Profiler PCR Array Human Innate and Adaptive Immune Response plate (PAHS-052Z,
Qiagen). Data were acquired using a AriaMx Real-time PCR System (Agilent) and analyzed
with GeneGlobe Data Analysis Center (Qiagen).

m. Quantification of cytokines

The experimental procedure is similar to the one used for moDC stimulation. After
stimulation by complexes during 24 h and 48 h, supernatant was harvested and cytokine and
chemokine quantifications were performed using a Luminex Magpix instrument (Bio-Rad) in
combination with human Miliplex cytokine/chemokine immunoassay kit (HCYTMAG-60K-
PX29, Merck). Data were analyzed with BioPlex Manager (BioRad). For each condition,
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concentrations were determined as the mean of three replicates for each independent
experiment (N=3). We excluded from the standard curve any points with accuracy outside of
70-130 %. The coefficient of variation of the three assayed were shown to be less than 20%
CV for all data.

n. Statistical Analysis

Statistical analysis was performed using GraphPad Prism Version 6.0 software. All of
the data are presented as the mean+ SEM. Difference between groups was analyzed as

described in figure legends. Statistical significances were indicated on the figures.
3. Results:

a. mMRNAs can be associated onto PLA-NPs via cationic peptides

In order to vectorize mRNAs, we designed novel formulations based on polymeric
nanoparticles, PLA-NPs, which have demonstrated several advantages in the vaccination
field. Whereas hydrophobic molecules can be efficiently encapsulated in the core of PLA-
NPs, the hydrophilic nature of mMRNAs prevents their simple encapsulation into PLA-NPs.
Instead, we developed strategies to adsorb mRNAs at the surface of PLA-NPs. Because the
PLA-NP surface and mRNAs are both negatively charged, we used cationic peptides as an
intermediate between mMRNA and PLA-NPs. We compared three positively charged cell-
penetrating peptides (CPPs) with nucleic acid condensation properties: RALA, LAH4 and
LAH4-L1. Those cationic peptides are predicted to have a helical structure with amphipathic
profile, which presents advantages for cellular uptake and membrane disruption (Fig. S1). In
this strategy, mMRNAs were first complexed with cationic peptides to form polyplexes, which
were subsequently adsorbed onto PLA-NPs to produce nanocomplexes, as described in
Materials and Methods section (Fig. 1A). The PLA-NP doses used in the formulations were
shown to be non-toxic in a previous work from our laboratory [41].

The hydrodynamic diameter and zeta potential of nanocomplexes formed with the 3
cationic peptides were analyzed by DLS (Fig. 1B). The addition of Peptide/mRNA polyplexes
onto PLA-NPs (~ 188 nm; -50 mV) induced an increase in size and an inversion of the surface
charge, as reflected by the zeta potential of ~ 30mV, suggesting that the 3 types of polyplexes
are efficiently adsorbed onto PLA-NPs. The LAH4 peptide induced the formation of larger
nanocomplexes (~ 275.8 nm) than RALA and LAH4-L1 (~ 237.8 nm and ~ 220.1 nm,
respectively) with the highest polydispersity index (Pdl). For RALA and LAH4-L1 peptides,
the polydispersity indexes in the final formulations were close to 0.1 (Pd1=0.134 and 0.129,
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respectively), reflecting that the nanocomplexes were homogenous in size. As shown for
LAH4-L1 in Fig. S2, the pre-formulation peptide/mRNA polyplexes presented a high
polydispersity index (PdI=0.3), the size distribution graph indicating the presence of
aggregates. Yet, the addition of PLA-NP, which are highly monodisperse and negatively
charged, allowed a modification of the equilibrium of charges to form a monodisperse final
product (PdI=0.129) with a rearrangement of peptide/mRNA polyplexes at the surface of
PLA-NP. Finally, we showed that the colloidal formulations were stable for 14 days at 4°C, as
indicated by hydrodynamic diameter and zeta potential measurements (results obtained with
LAH4-L1 peptide are shown in Fig. S3).

To verify the ability of peptides and PLA-NPs to bind mRNAs, an electrophoretic
mobility shift assay (EMSA) was applied (Fig. 1C). To detach mRNA from the complexes, a
treatment with heparin (for PLA-NP detachment) and proteinase K (for peptide degradation)
was performed. The same results were obtained for RALA, LAH4 and LAH4-L1 peptides:
MRNA complexed with one of these peptides or in PLA-NP nanocomplexes were retained in
the wells, while their electrophoretic mobility was identical to that of naked mRNA after
heparin/proteinase K treatment. To confirm the binding of Peptide/mRNA polyplexes onto the
surface of PLA-NPs, another test based on Fluorescence Resonance Energy Transfer (FRET)
was developed. In this test, we used red fluorescent PLA-NPs (containing BODIPY-TR
Methyl Ester dye) and a green fluorescent mRNA (labelled with Ribogreen™). The close
proximity of green fluorescent mRNAs to red fluorescent PLA-NPs causes red fluorescence
emission (625 nm) upon Ribogreen™ excitation (460 nm). PLA-NP/LAH4-L1/mRNA
nanocomplexes displayed significantly higher 625 nm emission than that obtained in samples
containing a simple mix of mRNAs and PLA-NPs (Fig. 1D), confirming the presence of
MRNA nearby the core of PLA particles (distance < 10 nm).

Altogether, these results confirm the ability to form stable nanocomplexes of mRNAs and
PLA-NPs using RALA, LAH4 or LAH4-L1 peptides. mRNA condensation capacity of CPPs
was conserved after polyplex adsorption onto PLA-NP.
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Fig 1. mRNA can be vectorized by PLA-NPs using cationic peptides as intermediates. (A)
Schematic representation of the vectorization strategy of mRNAs onto PLA-NPs. Negatively charged mRNA was
associated with cationic peptides (RALA, LAH4 or LAH4-L1) to form Peptide/mRNA polyplexes. Then, this
complex was adsorbed onto PLA-NPs to form PLA-NP/Peptide/mRNA nanocomplexes. (B) Comparison of
thermodynamic diameter, polydispersity index (Pdl) and zeta potential of nanocomplexes formed between the 3
peptide/mRNA combinations and naked PLA-NPs. Each value provided is the average of four series of
measurements and four independent experiments (N=4). (C) Electrophoretic mobility shift assay showing eGFP
mRNAs complexed with peptides or in PLA-NP/Peptide/mRNA nanocomplexes. A heparin and proteinase K
(prot. K) treatment (+) was applied to the samples in order to detach the mRNA from the complexes. (D)
Fluorescence Resonance Energy Transfer (FRET) analysis. Red fluorescence emitted by different formulations
was evaluated after green fluorescent mRNA (RiboGreen) excitation (n=3). Statistical significance between two
groups was determined using a one-way Anova: *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001.
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b. LAHA4-L1-based formulations allow efficient MRNA uptake and protein expression

in dendritic cells

The ability of mRNA complexes to transfect DCs was evaluated in vitro using the
mouse DC2.4 cell line as a model (Fig. 2A-C). To that end, each complex containing an
equivalent of 20 ng of eGFP mRNA was added to DC2.4 cells in serum-free conditions, and
the percentage of GFP positive cells (A-B-C) and the Mean Fluorescence Intensity (MFI) (A’-
B’-C’) were measured after 16h by flow cytometry. As a control, the same amount of naked
eGFP mRNA was transfected into DC2.4 cells using the commercial TransIT-mRNA
transfection kit (Mirus Bio). As shown in Fig. 2A-A’, mRNA complexes formed with RALA
peptides failed to efficiently transfect DCs, while a low transfection capacity was observed in
LAH4 peptide assays (Fig. 2B-B’). However, LAH4-L1-based formulations induced an
efficient transfection of DC2.4. With LAH4-L1/mRNA polyplexes or PLA-NP/LAH4-
L1/mRNA nanocomplexes, about 35% or 57% of DC2.4 cells expressed eGFP mRNA,
respectively, with a significantly higher transfection efficiency than TransIT control assay
(Fig. 2C). Moreover, the intensity of expression was significantly more important using PLA-
NP/LAH4-L1/mRNA nanocomplexes than TransIT or LAH4-L1/mRNA assays (p-value <
0.05) (Fig. 2C’). These results indicate that transfection efficiency is potentiated by the
presence of PLA-NPs in the formulations.

A time-course study of eGFP expression in DCs was performed to compare
MRNA/LAH4-L1 polyplexes and PLA-NP/LAH4-L1/mRNA nanocomplexes. At 4 h post
transfection, eGFP-expressing DCs were already detectable, and the number of positive cells
reached a plateau in all assays at 16-24 h post transfection (Fig. 2D). Interestingly, a bi-phasic
curve was observed for the intensity of fluorescence, with a rapid increase until 16 h and a
gradual decrease after 24 h (Fig. 2D’). The amount of GFP positive cells and the MFI were
higher with PLA-NP/LAH4-L1/mRNA than with LAH4-L1/mRNA or TransIT-mRNA
complexes, up to 48 h post transfection (Fig. 2D-D’, Fig. S4). These nanocomplexes showed
stable expression efficiency after storage at 4°C for up to 7 days (results obtained with LAH4-
L1 peptide were shown in Fig. S4). We did not observe any toxicity of the formulations in
DCs under the conditions of the experiments (Fig. 2E).

The uptake of LAH4-L1-based formulations by different cell types was investigated.
LAH4-L1 polyplexes and nanocomplexes failed to transfect HEK293 and HelLa cells, two

epithelial cell lines, in the same experimental conditions (Fig. 2F-G). These results indicate
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that the transfection capacity of LAH4-L1/mRNA and PLA-NP/LAH4-L1/mRNA complexes
depends on cell type and seem to be particularly efficient to target DCs.
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Thus, LAH4-L1/mRNA and PLA-NP/LAH4-L1/mRNA formulations constitute
efficient methods for DC transfection with low doses of mMRNA. We focused on these two
formulations for further analysis.

Fig. 2. LAH4-L1-based formulations allow efficient mRNA expression in DC2.4 cells in

Vitro. Untreated DCs (Mock), TransIT eGFP mRNA (positive control), eGFP mRNA complexes and negative
controls (PLA-NP/LAH4-L1 and naked mRNA) were transfected in serum-free medium for 4 h (20 ng
mRNA/well). The transfection efficiency was measured 16h after the addition of mMRNA complexes to the cells.
(A-C’) Percentage of green fluorescent protein (eGFP) positive DC2.4 cells (A-B-C) and mean fluorescence
intensity (MFI) (4-B’-C’) were quantified after transfection in presence of RALA-, LAH4- and LAH4-L1-based
complexes (n=3). (D-D’) Kinetics of expression efficiency after transfection with LAH4-L1-based formulations.
The percentage of eGFP positive DC2.4 cells (D) and the MFI (D’) are presented. (E) Cytotoxicity of LAH4-L1-
based nanocomplexes on DC2.4 cells. (F-G) Percentage of eGFP positive DC2.4 cells after LAH4-L1-based
formulations transfections in (F) HEK293 and in (G) HelLa cells (n=3). Statistical significance of differences
between two groups was determined using one-way or two-way Anova: *, p < 0.05; **, p < 0.01; ***, p <
0.001; **** p < 0.0001.

c. mRNA vaccine formulations enter in dendritic cells through clathrin-mediated

endocytosis and phagocytosis

To understand the intracellular mechanisms allowing mRNA expression, we

monitored the cellular uptake of LAH4-L1-based formulations by DCs. We studied their
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mechanisms of internalization by treating DC2.4 cells with various endocytosis inhibitors.
Targets and action mechanisms of each inhibitor were described in supplementary Table 1.
To visualize the complexes, we used MFP488-labelled fluorescent mMRNAs. The mRNAs
were complexed with LAH4-L1 or PLA-NP/LAH4-L1 and incubated for 2 h with inhibitor
treated DC2.4 cells. To distinguish between complexes located inside the cells or at cell
surface, extracellular fluorescence was quenched with trypan blue [42]. The percentage of
cells taking up MFP488 mRNAs and the MFI were measured by flow cytometry (Fig. 3A-B).
Surprisingly, the same profiles were obtained for LAH4-L1/mRNA polyplexes and PLA-
NP/LAH4-L1/mRNA nanocomplexes. Aggregation presence with LAH4-L1/mRNA
polyplexes can explained this result. Cells treated with chlorpromazine or dynasore, two
clathrin-mediated endocytosis inhibitors, and with pimozide, a phagocytosis inhibitor, showed
a significant decrease of MFP488 fluorescence (p-value < 0.0001). In agreement with a role
of the clathrin-dependent and phagocytosis pathways, inhibition of microtubule and actin
polymerization with nocodazole and cytochalasin D, respectively, also induced an important
decrease of complexes uptake by DCs.

These results suggest that clathrin-dependent endocytosis and phagocytosis are
important mechanisms involved in the uptake of LAH4-L1/mRNA polyplexes and PLA-
NP/LAH4-L1/mRNA nanocomplexes by DCs. On the contrary, the lack of inhibition by
genistein and amiloride suggests that caveolae-dependent endocytosis and macropinocytosis

are not essential for this uptake.
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Fig 3. Clathrin-mediated endocytosis and phagocytosis are involved in complexes uptake by
DC2.4 cells. Uptake efficiency of MFP488-labelled mRNA complexed with LAH4-L1 (A) or PLA-NP/LAH4-
L1 (B). MFP488 mRNA was incubated for 2 h with DC2.4 cells in presence of various inhibitors, and uptake
efficiency was quantified by flow cytometry (n=3). Green bars: percentage of cells which present intracellular
MFP488 fluorescence; White bars: Mean of fluorescence (MFI). Green bars: percentage of GFP positive cells;
Grey bars: MFI. The value of not treated cells (NT) were set as 1. Statistical significance between two groups
was determined using a two-way Anova test: *, p < 0.05; **, p < 0.01; ***, p < 0.001; **** p < 0.0001.

d. Endosomal escape is needed to induce efficient translation

The previous results suggest that clathrin-mediated endocytosis and phagocytosis are
involved in the cellular uptake of formulations. These pathways induce the formation of
vesicular structures that eventually fuse with lysosomes. To allow mRNA expression,
nanocomplexes must escape the endosomes before lysosome fusion. Positive charges of
amphipathic cationic LAH4-L1 have been involved in this endosomal escape through the
proton sponge effect [43]. To evaluate the importance of this proton sponge mechanism, we
performed a transfection in presence of Bafilomycin Al, a specific inhibitor of vacuolar
proton ATPases, which is essential for proton regulation in endosome. The percentage of
eGFP positive cells and the MFI were measured after 16 h by flow cytometry (Fig. 4). In
presence of Bafilomycin Al, the percentage of eGFP positive cells and the MFI were

drastically reduced.
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These results show the importance of endosome acidification for eGFP mRNA
expression, in agreement with a model whereby a proton sponge effect allows mRNA escape
from the endosomes to the cytosol.
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Fig 4. Endosomal escape is essential for mMRNA expression in DC2.4 cells. Percentage of eGFP
positive DC2.4 cells and mean fluorescence intensity (MFI) were quantified after 16 h of transfection by LAH4-
L1-based formulations in absence (grey bars) or in presence (red bars) of bafilomycin Al (n=3). Statistical
significance between two groups was determined using a two-way Anova test: *, p < 0.05; **, p < 0.01; *** p
< 0.001; **** p < 0.0001.

e. MRNAs in LAH4-L1-based formulations induce an innate immune-stimulatory

activity through PRR activation

We then analyzed the immune-stimulatory properties of LAH4-L1-based
formulations, using mMRNAs coding for the Gag protein of HIV-1, a model antigen protein
relevant for vaccine development. DCs express a repertoire of PRRs allowing the recognition
of a large range of pathogen molecules, including some RNA sequences. The intrinsic
adjuvant activity of formulations was evaluated in vitro using cell lines which overexpress
only one specific PRR (h-TLR7 or h-TLR3). These cell lines were transfected with different
nanocomplex concentrations and PRR activation was evaluated (Fig. 5A-B). LAHA4-
L1/mRNA and PLA-NP/LAH4-L1/mRNA complexes induced a significant h-TLR3
activation in a dose-dependent manner, while the same complexes devoid of gag mRNA only
activated weakly h-TLR3 cells while a non-significant h-TLR7 activation was observed.
These results show the specific TLR3 immune-stimulation activity of PLA-NP/LAH4-
L1/mRNA nanocomplexes. In this experiment, the mRNA complexed onto LAH4-L1-based
formulations seemed to be taken up by modified HEK293 cell lines to activate endosomal
PRR, wheareas Fig. 2F showed that mRNAs are not translated into functional protein in
HEK293. Those observations suggest an alteration of RNA escape from endosome or of

translation in this cell type.
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To further analyze the immune-stimulatory properties of LAH4-L1-based
formulations, subsequent experiments were performed using primary DCs derived from
human monocytes (moDCs), a cellular model particularly suitable for activation studies. A
comparative gene expression analysis was carried out on moDCs treated with the different
formulations, using the Human Innate and Adaptive Immune Responses RT2 Profiler™ PCR
Array. After 6 h of stimulation, the formulations induced a modification in the expression
pattern of multiple genes encoding TLR and signaling proteins associated to their pathways
(Fig. 5C). Main effects were observed for formulations containing the LAH4-L1 peptide.
PLA-NPs and mRNAs alone did not have the ability to modify the gene expression profile.
However, the presence of mRNA in formulations (see LAH4-L1/mRNA vs LAH4-L1 and
PLA-NP/LAH4-L1/mRNA vs PLA-NP/LAH4-L1) upregulated the expression of TLR3,
TLR7 and DDX58 (also called RIG-I), three PRR receptors involved in RNA recognition
[44]. Their target genes (IRFF7, MYD88, NFKBL1, and TICAM1) were also upregulated after
LAH4-L1/mRNA stimulation. Interestingly, these formulations decreased the expression of
other TLR genes, suggesting that the presence of mRNAs favors a signaling through
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496  represent a signature of moDCs 6h after transfection.

497  Fig 5. mRNA complexes stimulate the innate immunity through PRR activation. (A-B)
498  Evaluation of PRR activation via the TLR7 and TLR3 pathways in HEK-Blue hTLR7 and HEK-Blue hTLR3 cells
499  with mRNA formulations (n=2; N=2 and n=2; N=3 for h-TLR7 and h-TLR3 respectively). Statistical
500 significance between two groups was determined using a two-way Anova test: *, p < 0.05; **, p < 0.01; *** p
501 < 0.001; **** p < 0.0001. (C) Expression profile of TLR pathway genes in moDCs after 6 h stimulation with
502 mRNA formulations. This heat map represents the mean of three independent experiments performed with the
583 supernatant of moDCs derived from three different patients, duplicate points being used in each experimental
504  sample.

505 a. LAH4-L1/mRNA and PLA-NP/LAH4-L1/mRNA complexes promote moDC
506 maturation
507 DCs are central effectors of immunity, acting as messengers between the innate and

508 adaptive immune systems. Their stimulation induces their maturation, antigen presentation
509  and the production of cytokines and chemokines leading to the immune response.

510 In order to evaluate the impact of our formulations on moDC maturation, we first
511  verified the translational efficiency of gag mMRNASs in moDCs. As shown in Fig. S5 moDCs
512  transfected with gag mRNA formulations express the HIV-1 gag protein.
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Then, moDCs were stimulated with formulations containing an equal amount of gag
MRNAs for 24 h and 48 h, and the expression of different markers of maturation was
analyzed by flow cytometry (Fig. 6A-E”). LAH4-L1/gag-mRNA and PLA-NP/LAH4-L1/gag-
MRNA formulations induced a moDC maturation similar to that observed with a positive
control using lipopolysaccharide (LPS). More precisely, these formulations significantly
increased MHC-I, MHC-I1, CD80 and CD86 expression after 24 h and 48 h of stimulation, in
comparison to naked gag mRNAs or formulations devoid of mRNAs. Comparable but less
significant results were obtained for the cluster of differentiation CD40. Altogether, these
results suggest that mRNA-based formulations promote moDC maturation in our
experimental model.

In addition, the expression of 84 genes associated with innate and adaptive immune
responses was evaluated in moDCs after 6 h of stimulation with the different formulations. As
shown in Fig. 6F, LAH4-L1/mRNA and PLA-NP/LAH4-L1/mRNA complexes induced the
overexpression of most of the tested genes encoding pro-inflammatory cytokines and
chemokines, such as IFN-a, IFN-B, IL-6 and proteins implicated in inflammation, like MX1.
This overexpression was induced by LAH4-L1 peptide and amplified by the presence of
MRNA. In agreement to the previous expression data, genes involved in DC maturation
(CD40, CD80 and CD86) were also overexpressed, validating the precedent results. As
represented in the heat map, immune cell chemoattractant factors (CCL5 and CXCL10) and
Thl-related genes (IFNG, IL23A, STAT4 and TBX21) were overexpressed whereas Th2-
related (IL-10, IL-4, IL5 or Stat6), Thl7-related (IL17A, STAT3) and Tregs genes were
downregulated or stable. These results indicate that mRNAs complexed in LAH4-L1-based
formulations induce an inflammatory response and seem to activate a Thl-biased immune

response in moDCs.



24h 48h
post stimulation post stimulation

>

MHC-I

=]

MHC-II

NFKBIA
NLRP3
STAT1

PR £ L pD o &
S « ‘@‘: REA \9*:5«\3’ ,,,a*’e\f‘ cp14
& N \‘?\!i""il & : 040
oV D40
X cpaoG [0 1

&

o
£

CcD80
CD86
CD8A
HLA-A
HLA-E

CcD80

CCLS
CCR5
CSF2

& & o“<\ @% > Q;'&No 8 @q’cg & & <€°<\ & v"‘s & b,\',‘ 5 @%&w
S asee FILGG e o

CCR5
CXCR3
IFNG .
IL18
1L23A
sLc11A1
STAT4
TBX21

o

CD86

CCR4
CCR8
GATA3
IFNB1
IL10
IL13
IL18
L4

m

IL6
STAT6

CCR6
IL17A
RORC

STAT3

CD40

CCR4
CCR8
FOXP3

iL1o B

cxcio [

wsEe N

Magnitude of log 2 (fold change)
[ |

o 5 10

Pro-inflammatory
cytokines and chemokines

Inflammation genes

DC surface markers

Chemoattractants factors

Thl

Th2

Th17

Tregs

Fig. 6: LAH4-L1/gag-mRNA based formulations induce moDC activation and maturation.
(A-E”) Expression of the co-stimulatory molecules MHC-1, MHC-II, CD80, CD86 and CD40 on the surface of
CDla+ CD14- moDCs was determined by flow cytometry 24 h and 48 h after stimulation with volume allowing
the transfection of 660 ng of gag mRNA or equivalent volume for controls. The data represent four independent
experiments. Statistical significance between two groups was determined using one-way Anova test: *, p < 0.05;
** p <0.01; *** p <0.001, **** p < 0.0001. (F) Expression profile of genes iinvolved in innate and adaptive
immune response 6 h after stimulation with mRNA formulations (volume allowing the transfection of 2640 ng of
gag mRNA or equivalent volume for controls). This heat map represents the mean of three independent
experiments performed with the mRNAs of cells from three different patients, duplicate points being used in each

experimental sample.
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The maturation of DCs is associated with the expression of cytokines and chemokines
that induce and direct adaptive immune responses. The secretion of those mediators
implicated in immune response was characterized by Luminex assay 24 h or 48 h after moDC
transfection by formulations (Fig. 7). Similar profiles were obtained after 24 h and 48 h of
stimulation. The presence of gag mRNA in LAH4-L1-based formulations significantly
increased the secretion of pro-inflammatory cytokines and chemokines, suggesting a direct
impact of mMRNA in the inflammatory response. More precisely, LAH4-L1/mRNA
formulations induced the secretion of pro-inflammatory cytokines (IL-1a, IL6, IFN-a, TNF-
a), chemokines (MIP-1B), Thl-related (IFN-y, IL-12 (p70)) and Th2-related (IL-13, IL-7)
cytokines. However, there was no significant increase in the amount of IL-4 and no secretion
of IL-5 (not shown), two well-known markers of the Th2 response. In comparison, PLA-
NP/LAH4-L1/mRNA nanocomplexes gave a similar result but with a reduced inflammatory
induction (lack of IL-6 and IFN-a)) and a higher Th1 induction (IFN-y, p-value < 0,01; IL-12
(p70), p-value < 0,001).

Overall, these results indicate that LAH4-L1/mRNA and PLA-NP/LAH4-L1/mRNA
formulations are potential activators of pro-inflammatory responses and Th1-oriented immune

responses, although a subset of Th2-specific markers are also induced.
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Fig. 7: LAH4-L1/mRNA and PLA-NP/LAH4-L1/mRNA promote cytokine and chemokine

secretion by moDCs. moDCs were stimulated by volume allowing the transfection of 660 ng of gag mRNA
or equivalent volume for controls for 24 h or 48 h. The secretion of cytokines and chemokines involved in
inflammatory processes (A), Thl (B) or Th2 (C) immune responses was quantified by Luminex assay on CDla+
CD14- moDCs supernatants. Data represent the mean of three independents experiments performed with the
supernatant of cells from three different patients, triplicate points being used in each experimental sample.
OOR; Limit of detection (3.2 pg/mL). Statistical significance between two groups was determined using two-way
Anova test: *, p < 0.05; **, p <0.01; *** p <0.001; p <0,0001.
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4. Discussion

In recent years, antigen-encoding mRNAs have emerged as promising alternatives to
classical vaccine approaches [9]. The highest challenge with  mRNA vaccine is the
development of a safe and effective delivery system. Indeed, mMRNAs are large polyanionic
biomolecules that do not cross efficiently cell membrane barriers in their naked format and
are generally unstable in blood circulation, at the site of injection and in the extracellular
compartment due to the presence of RNases [45]. While most studies in the mMRNA vaccine
field have focused on lipid nanoparticles (LNP) [6,9,10,46], we present here a novel platform
to vectorize mRNA, using poly(lactic acid) nanoparticles (PLA-NPs) and the amphipathic
cationic peptide LAH4-L1, as an intermediate. These formulations allow effective in vitro
uptake of mRNA by DCs, via clathrin-mediated endocytosis and phagocytosis, and efficient
MRNA expression, which depends on vacuolar proton ATPase activity and mRNA escape
from endosomes. Moreover, these novel mRNA formulations induce DC activation and
maturation, and trigger pro-inflammatory and Th1-biased immune responses.

PLA-NPs are versatile biodegradable platform, able to codeliver antigens and/or
immunostimulatory molecules to DCs either in vitro or in vivo [29,30]. However, due to their
physicochemical properties, i.e. they are negatively charged, the vectorization of mRNAs
using PLA-NPs has been a technological challenge. Thus, we have chosen to use cationic
peptides as intermediates. RALA, LAH4 and LAH4-L1 are three cell penetrating peptides
(CPPs) with amphipathic cationic properties, which have the ability to condensate nucleic
acids [43,47]. However, only few studies have used CPPs to deliver mRNAs [48-50]. In this
study, we have developed a strategy based on a two steps process (1) the formation of
polyplexes between a cationic peptide and mRNAs and (2) their adsorption onto PLA-NPs
(Fig. 1A). The three peptides have shown an ability to condensate mMRNAs in polyplexes
(Peptide/mRNA), which can be adsorbed onto PLA-NPs to form stable nanocomplexes (PLA-
NP/Peptide/mRNA) (Fig. 1B-D and S3). However, only the LAH4-L1-based formulations
have shown promising results for the induction of mRNA expression (Fig. 2) and the
potentiation of immune responses (Fig 5-7). The difference obtained between the three
peptides might be partly explained by their structure (Fig. S1). Indeed, LAH4-L1, which is a
LAH4 derivative, is a histidine-rich, cationic amphipathic peptide with pH-responsive
properties. Sequence alignment of these two peptides reveals that two leucine and two
histidine residues of LAH4 have been replaced by two histidines and two leucines in LAH4-

L1, respectively. According to in silico modeling, the new location of the two histidine
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residues in the LAH4-L1 peptide narrows the angle subtended by the helix hydrophilic face to
80 degrees, instead of 100 degrees in LAH4. This may give this peptide an enhanced capacity
in membrane disruption [43,51].

In this study, we also provided in vitro evidence that a low dose of mMRNA present in
LAH4-L1 and PLA-NP/LAH4-L1-based complexes can induce a strong protein expression in
dendritic cells (DCs) (Fig. 2A-C’). Moreover, in vitro efficiency of mRNA transfection and
translation in DCs is significantly more important using these formulations than with TransIT
(a commercially reagent) for the same mRNA doses. Although, we found that LAH4- and
RALA-based mRNA complexes are unable to transfect DCs, others works have shown
efficient transfection of DNA, siRNA and/or recently mRNA transfection using RALA,
LAH4 and GALA CPPs in DCs and/or different cell lines [39,43,47,50,52]. These differences
may be explained by variations in the experimental conditions, especially regarding the
amount of transfected mRNA. Indeed, for RALA-[39] and GALA-[50] based polyplexes, the
formulations contain 26- and 10-fold more RNA/cell, respectively, than in our study.
Although LAH4-L1- and PLA-NP/LAH4-L1-based formulations were efficient for DC
transfection and expression, they failed to induce mRNA expression in HEK293 and Hela
cells (Fig. 2C and F-G). Since DCs are specialized in antigen capture and processing [5], the
hydrodynamic diameter of LAH4-L1-based complexes might induce DC endocytosis and
activation, in comparison to the two epithelial cell lines with a low endocytosis capacities.
Hence, a low dose of transfected MRNA could be sufficient to detect its translation in DCs but
not in epithelial cells in our assays.

The addition of PLA-NPs to LAH4-L1/mRNA polyplexes induced mRNA expression
in a higher number of DCs and at a stronger level (Fig. 2D and S4). We showed that in
presence of PLA-NPs, the eGFP intensity curve presents a bi-phasic profile with an increase
from 4 h to 16-24 h post transfection and a decrease after 24 h (Fig. 2D). Using lipid-based
formulations to transfect DC lines, Phua et al. have shown a biphasic expression kinetics with
a rapid peak at 5-7 h, then a rapid decrease of transgene expression until 9 h, followed by
gradual loss of expression [53]. Moreover, with a low polydispersity index, nanocomplexes
are monodisperse and present a zeta potential of +37,3 mV. Polyplexes present a higher
polydispersity index testifying the presence of aggregates and a lower zeta potential (+25,0
mV). Nanocomplexes could force the membrane to bend around the vector and promote its
internalization by endocytosis or phagocytosis: this is the wrapping phenomenon described
and illustrated by Nel et al. [38]. This model implies that the surface charge value, but also
the size and shape of the material could directly influence the interaction of the material with
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the membranes and thus the uptake of NPs. This could in part explain why nanocomplexes
that have a larger surface charge and a more homogeneous size than polyplexes are
internalized more efficiently, leading to a more sustained expression in cells. A sustained
MRNA expression obtained with PLA-NP/LAH4-L1-based formulations could be
advantageous for vaccine applications as it could increase the amount of antigen processed by
DCs and consequently immune responses.

Here, we report that LAH4-L1/mRNA and PLA-NP/LAH4-L1/mRNA are taken up by
DCs through clathrin-mediated endocytosis and phagocytosis (Fig. 3). However, most lipid-
based mMRNA vaccines are predominantly internalized by micropinocytosis [10,22,54]. It is
now well-described that physicochemical properties of delivery systems (such as size,
geometry and polydispersity index), but also target cells properties, influence immune
recognition and uptake of vaccine by APCs [30,55-57]. The particulate nature and the size of
PLA-NP/LAH4-L1/mRNA nanocomplexes, similar to many viruses, could enhance
interaction of the vaccine formulations with cell membranes, promoting antigen delivery into
cells. LAH4-L1/mRNA polyplexes seem to follow the same internalization mechanisms than
PLA-NP/LAH4-L1/mRNA nanocomplexes, which could partly be due to the presence of
some aggregates in LAH4-L1/mRNA formulations (Fig. S2).

After endocytosis, a pH gradient is established inside the endocytic vesicles, ranging
from the least acid early endosomes (pH 6.5 - 6.8) to acidic lysosomes (pH 4.5). mRNAs need
to reach the cytosolic compartment to be translated. Protonation of the histidine imidazole
groups in LAH4-L1 plays an important role in the transfection process and more importantly
for endosomal escape [43]. Indeed, the presence of the pH-responsive cell-penetrating peptide
LAH4-L1 in vaccine formulations enhanced mRNA expression in a vacuolar proton ATPase-
dependent mechanism (Fig. 4), suggesting that LAH4-L1 promoted endosome membrane
disruption in DCs for cytosolic delivery of nanocomplexes [58]. Following its release into the
cytosol, mRNAs can be translated into antigenic protein. Both endosomal and cytosolic
localization of MRNA may participate to their effect on immune responses, as we found that
MRNA activates both endosomal (TLR3) and cytosolic (RIG-1) PRRs (Fig. 4). mRNAs act as
an adjuvant, stimulating the secretion of immune-stimulatory factors. For vaccination, the
immune-stimulatory effect and the intrinsic-adjuvant activity of IVT mRNAs could be
beneficial, but must be balanced and controlled in time, so that DC activation does not prevent
the expression of the antigenic MRNAS supposed to stimulate adaptive immune responses.
The activation of both innate and adaptive immune responses is needed for efficient
vaccination. The results presented here suggest an ability of LAH4-L1/mRNA and PLA-
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NP/LAH4-L1/mRNA nanocomplexes to activate both innate immunity, and a wide spectrum
of adaptive immune responses markers (Fig. 6-7). The adaptive response signature observed
in vitro 6 h post transfection suggests that both MHC-1 and MHC-II antigen presentation
mechanisms are activated, with a prevalent Thl-oriented response and a lower Th2
counterpart (Fig. 6-7). This indicates that LAH4-L1/mRNA polyplexes and PLA-NP/LAH4-
L1/mRNA nanocomplexes may be suitable mRNA delivery vectors to induce cytotoxic
responses in addition to humoral, which remains to be explored in vivo. We could observe that
gene expression analysis and luminex assays were performed at specific time-points, which
can influence some results of specific chemokines. Next step will be to perform the same type
of analysis with a more complete kinetic for a longer period of time.

A hypothetical model explaining the different steps leading to cytotoxic and humoral
responses after endocytosis of LAH4-L1-gag mRNA-based formulations into DCs is
presented in Fig. 8. In this scenario, after clathrin-mediated endocytosis or phagocytosis,
endosome escape and mRNA translation, the gag protein can be processed and presented
through MHC-I allowing T-CD8" activation and CTL activation. During this period, mMRNAs
induce the activation of PRRs. The induction of CTLs is potentiated by DC activation and the
production of Thl-associated cytokines. Gag expression could also induce vesicles-like
particle (VLPs) formation, as described elsewhere [59], which can be later released by DCs
and taken up by immature DCs. Secreted VLPs which are recognized like extracellular
pathogens, are then processed and presented onto MHC-II, allowing T-CD4" activation. The
generation of an antigen-specific CTL response is important for the development of effective
antiviral or antitumor immune responses. Moreover, humoral response is essential to elicit
antibodies and memory B cells. The signature of immune responses triggered in primary DCs
in vitro by LAH4-L1-based gag mRNA formulations, suggests this strategy could be used to
transfect human DCs in the case of ex vivo therapy, and especially in HIV-1 vaccine-based
therapy of chronically infected patients [60,61]. Indeed, by inducing a wide spectrum of both
innate and adaptive immune response, this mMRNA vaccine formulation would permit clearing

the viral reservoir by eliminating infected cells leading to a potential HIV cure[62].
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Fig. 8: Model for trafficking of LAH4-L1/mRNA and PLA-NP/LAH4-L1/mRNA into DCs

to induce immune responses. Formulations are taken up by DCs via clathrin-mediated endocytosis or
phagocytosis. In the endosomal compartment, LAH4-L1 peptides induce endosome escape and release of mMRNA
into the cytosol. The presence of mRNA in both endosome and cytosol trigger innate immune stimulation via
PRRs. In the cytosol, mRNA is translated into an antigenic protein, which is subsequently processed by the
proteasome, and presented onto Major Histocompatibility Complex-type I (MHC-I). This intracellular pathway
leads to CD8™ T lymphocyte (LT) activation. Intracellular protein (and especially VLPs formed by gag antigen)
can be released by DCs and taken up by novel immature DCs, degraded by lysosomes and presented onto MHC-
Il. This presentation leads to CD4™ T lymphocyte (LT) activation to form Thl and Th2 LTs, involed in the
activation of cytotoxic and humoral responses, respectively.

5. Conclusions

In this study, we have designed and developed new strategies to vectorize mRNA
using PLA-NPs platform and LAH4-L1 amphipathic cationic peptides. We demonstrated a
high capability of LAH4-L1/mRNA and PLA-NP/LAH4-L1/mRNA to transfect DCs and to
induce strong protein expression. The presence of PLA-NPs in the formulations enhances this
effect. mMRNA nanoformulations trigger PRR activation and promote innate immunity
activation. Moreover, these complexes could potentiate the humoral immune response, about
also a prevalent Thl-biased aspect. Thus, PLA-NP/LAH4-L1/mRNA formulations are
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versatile platforms for efficient in vitro mRNA delivery to DCs, which could be applied to the

ex vivo treatment of a wide variety of chronic infectious diseases, like HIV-1.
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SUPPLEMENTARY DATA

Table I: Mode of action and working concentration of chemical inhibitor used

. Endocytosis . Working
Inhibitors pathways inhibited Mode of action concentration Ref
Cielki) CEMET e ElapE Gt Inhibits actin cytoskeleton 50 uM [1,2]

(Sigma-aldrich)  endocytosis
Chlorpromazine Clathrin-mediated Dissociation of clathrin and adaptator

15 pg/mL [2]

(Sigma-aldrich)  endocytosis from plasma membrane
Dynasore Caveolae and
d P clathrin-dependent Inhibits dynamin 50 uM [3]
(Sigma-aldrich) endocytosis
Nocodazole Caveolae and Blocks transport from early to late
(Sigma-aldrich) clathrin-dependent endosomes  through inhibition of  1.25 ug/mL [4]
g endocytosis microtubules polymerization
Amiloride ] : L L .
(Sigma-aldrich) Macropinocytosis Inhibits the Na'/H™ exchange protein 100 uMm [2,5]
Pimozide Phagocytosis Specific Ca®*/calmodulin inhibitor 10 uM [6]

(Sigma-aldrich)
Cytochalasin D Macropinocytosis
(Sigma-aldrich)  and phagocytosis

Potent inhibitor of actin polymerization 10 uM [2]

B RALA
sequence WEARLARALARALARHLARALARALRACEA

RALA
Sec. Cons. hhhhhhhhhhhhhhhhhhhhhhhhhhh
sequence KKALLALALHHLAHLALHLALALKKA (’\
LAH4 \’\
Sec. Cons. hhhhhhhhhhhhhhhhhhhhhh
Sequence KKALLAHALHLLALLALHLAHALKKA
LAH4-L1
Sec. Cons. hhhhhhhhhhhhhhhhhhhhhh
Sec. Cons. : consensus secondary structure ;
hi : alpha helix ; ¢ : random coil ; 7 : ambigous states

RALA LAH4-L1
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Figure S1: Sequence and predictive structure of RALA, LAH4 and LAH4-L1 peptides. (A)
Sequence and secondary structure of RALA, LAH4 and LAH4-L1, based on NPS@ (Network Protein Sequence
Analysis) interactive web server using 9 predictions[7]. In green (h) was represented the predicted alpha helix
structure and in orange (c) the random coil. Question mark (?) represent ambiguous state. Modified amino acids
between LAH4 and LAH4-L1 sequence are red. (B) Representation of RALA structure in alpha helix (rzlab.com)
(C) Helical wheel projection of RALA, LAH4 and LAH4-L1. The output represents the hydrophilic residues as
circles, hydrophobic residues as diamonds, potentially negatively charged amino acids as triangles, and
potentially positively charged residues as pentagons. Hydrophobicity is color coded as well: hydrophobic
residue is green and hydrophilic residues are coded orange. The potentially charged residues are light blue.
Modified amino acids between LAH4 and LAH4-L1 sequence are outlined in red.

Hydrodynamic Zeta potential

Nanocomplex diameter (am) Pdl (V)
PLA-NP 188.0 (+1.80) 0.053(+0.046) -51.8(+0.6)
LAH4-L1 / mRNA 262.0(+24.1) 0.300(+0.49) +25.0(+2.8)
PLA-NP / LAH4-L1 / mRNA  220.1(+22.9) 0.129(+0.058) +37.3(+4.4)
B . PLA-NP
1 ¢ “ Size (d.nm) o . .
C LAH4-L1/mRNA polyplex

Intensity (Percent)

100000
Size (d.nm)

D PLA-NP/LAH4-L1/mRNA nanocomplex

Intensity (Percent)
=

1 10 100 1000 10000 100000
Size (d.nm)

Figure S2: Characterization of LAH4-L1/mRNA and PLA-NP/LAH4-L1/mRNA by DLS.
(A) Evaluation of PLA-NP (in grey), LAH4-L1/mRNA (in orange) and PLA-NP/LAH4-L1/mRNA (in yellow)
hydrodynamic diameter, polydispersity index (Pdl) and zeta potential. Each value provided is the average of
four series of measurements in five independent experiments (N=5). (B-D) Graphs represent the size distribution
by intensity of the four measurements obtained in one representative experiment for Naked PLA-NP (B), LAH4-
L1/mRNA polyplex (C) and PLA-NP/LAH4-L1/mRNA nanocomplex (D), respectively.
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Figure S3: Stability of PLA-NP/LAH4-L1/mRNA formulation at 4°C over 21 days.
Evaluation of PLA-NP (in grey) and PLA-NP/LAH4-L1/mRNA (in yellow) hydrodynamic diameter (A),
polydispersity index (Pdl) (B) and surface charge (C) over 21 days at 4°C. Each value provided is the average

of four series of measurements.
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Figure S4: LAH4-L1 formulations retain ability to the induce efficient mMRNA expression

in DCs after conservation at 4°C for up to 7 days. Formulations were performed at day 0 and
conserved at 4°C during 21 days. At each time point, untreated DCs (Mock), TransIT mRNA (positive control),
mRNA complexes and negative controls (PLA-NP/LAH4-L1 and naked mRNA) were transfected in serum-free
medium for 4 hours (20 ng mRNA/well), and the transfection efficiency was measured after 16h. (A) Percentage
of green fluorescent protein (eGFP) positive DC2.4 cells (B) mean fluorescence intensity (MFI).

Naked mRNA LAH4-L1/mRNA

PLA-NP/LAH4-L1/ mRNA

Figure S5: Expression of gag mMRNA in moDCs. Gag mRNAs, either naked or complexed in LAH4-
L1-based formulations, were transfected into moDCs in serum-free medium during 4 hours (20 ng mRNA/well).

An immunostaining of p17 protein, a component of gag polyprotein, was performed after 16 h. p17 is in green
(FITC) and nuclei, in blue (DAPI).
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