Lipopolyplex potentiates anti-tumor immunity of mRNA-
based vaccination
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ABSTRACT

MRNA-based vaccines have the benefit of triggering robust anti-cancer immunity without the
potential danger of genome integration from DNA vaccines or the limitation of antigen
selection from peptide vaccines. Yet, a conventional mRNA vaccine comprising of
condensed mMRNA molecules in a positively charged protein core structure is not effectively
internalized by the antigen-presenting cells. It cannot offer sufficient protection for mRNA
molecules from degradation by plasma and tissue enzymes either. Here, we have developed
a lipopolyplex mRNA vaccine that consists of a poly-(3-amino ester) polymer mRNA core
encapsulated into a 1,2-dioleoyl-sn-glycero-3-ethylphosphocholine/1,2-dioleoyl-sn-glycero-3-
phosphatidyl-ethanolamine/ 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[amino(polyethylene glycol)-2000 (EDOPC/DOPE/DSPE-PEG) lipid shell. This core-shell
structured mMRNA vaccine enters dendritic cells through macropinocytosis. It displayed
intrinsic adjuvant activity by potently stimulating interferon-p and interleukin-12 expression in
dendritic cells through Toll-like receptor 7/8 signaling. Dendritic cells treated with the mRNA
vaccine displayed enhanced antigen presentation capability. Mice bearing lung metastatic
B16-OVA tumors expressing the ovalbumin antigen were treated with the lipopolyplex mRNA,
and over 90% reduction of tumor nodules was observed. Collectively, this core-shell

structure offers a promising platform for mRNA vaccine development.



INTRODUCTION

Therapeutic vaccine has a huge potential in the treatment of multiple types of life-threatening
diseases including cancer and infectious diseases. A key issue to determine success of
cancer vaccination is potent induction of anti-tumor responses against the antigen of choice.
Both protein peptides and DNA plasmids have traditionally served as antigens for vaccine
development (1-3). Protein peptides are relatively easy to prepare and can be produced in a
large scale; however, the choice of antigen peptide is dependent on the patient’s unique
type of major histocompatibility complex (MHC) proteins, and thus needs to be customized
to match with individual patients. On the other hand, DNA vaccines suffer from low potency
and run the risk of uncontrolled genomic integration (4). mRNA has recently emerged as an
ideal antigen source for cancer vaccines (5). mMRNA molecules cannot only be tailored to
encode multiple antigens, but also serve as an adjuvant by triggering Toll-like receptor (TLR)
signaling in the antigen-presenting cells (6-8). In addition, mRNA-mediated gene transfer
can occur in non-dividing cells since nuclear translocation and transcription is not required,

while plasmid DNA-mediated gene transfer is mostly effective in dividing cells (4, 9).

Multiple approaches have been tried to introduce mRNA into antigen-presenting cells. It has
been shown that local injection of naked mRNA could lead to a specific immune response
(10-12). However, this strategy did not lead to high levels of protein expression, as naked
mMRNA molecules are immediately degraded by tissue nucleases (13). Since the negatively
charged mRNA molecules cannot enter antigen-presenting cells directly, mRNA-based
vaccine is usually prepared by transfecting mRNA molecules into patient-derived dendritic
cells (DCs) by electroporation (14, 15). The DC vaccine is then reintroduced back to the
patient for tumor antigen synthesis, processing and presentation. A number of DC vaccines
have reached different stages of clinical trials (15-17). However, this procedure does not
allow mass production of off-the-shelf therapeutic vaccines. An alternative approach to
prepare the mRNA vaccine is to package mRNA molecules in nanoparticles and directly
inoculate them into the body where the vaccine is taken up by the antigen-presenting cells
(18, 19). This approach takes advantage of the high phagocytic capacity of antigen-
presenting cells. The protamine-condensed mRNA vaccines and RNA lipoplex vaccines
consist an important part in this group, and several of them are at different stages of
preclinical studies and clinical trials (20, 21). Condensing mRNA into particles not only
enables cellular uptake of mMRNA vaccine, but also facilitates stimulation of MyD88-
dependent TLR-7/8 signaling in the host cells (22). However, mRNA degradation is a
potential concern, as part of the naked mRNA is exposed to the body fluid and is vulnerable
to attack by plasma and tissue RNases. In addition, exposure of the mRNA molecules to

non-antigen-presenting cells runs the risk of triggering adverse reactions inside the body.



In this study, we have designed a lipopolyplex (LPP) platform to package mRNA molecules
into a polymeric polyplex core that is loaded into a phospholipid bilayer shell structure
(Figure 1a). The resulting construct can not only protect mRNA molecules in the polyplex
core structure from RNase attack but also be efficiently internalized by DCs where the
particle is transported through the vesicular system and mRNA molecules are released to
the cytosol for antigen production. We have systematically characterized composition and
morphology of the LPP, and studied cellular uptake of LPP/mRNA by DCs and protein
synthesis in these cells. By applying ovalbumin (OVA) and tyrosinase-related protein 2
(TRP2) as antigens, we have examined immune responses to these vaccines in cell culture,

and evaluated anti-tumor immunity in murine models of melanoma lung metastasis.

MATERIALS AND METHODS

Synthesis of poly-(B-amino ester) polymer (PbAE)

The PbAE (MW ~4 kDa) was synthesized in a two-step reaction procedure as previously
described (23). In the first step, the base polymer was synthesized by mixing 1,4-butanediol
diacrylate (Sigma-Aldrich) with 5-amino-1-pentanol (Sigma-Aldrich) at a molar ratio of 1.2:1.
The reaction was maintained at 90°C for 24 hours in a glass scintillating vial with a teflon stir
bar. The base polymer was dried, and then dissolved in anhydrous dimethyl sulfoxide
(DMSO) at a final concentration of 167 mg/mL. In the second step, 480 uL of the base
polymer solution was mixed with 320 puL of 0.5 mol/L (PEO),;-bis-amine (Molecular
Biosciences, Boulder, CO) in a 1.5-mL Eppendorf tube, and the reaction was allowed for 24
hours at room temperature. The polymer mix was first dialyzed against milli-Q water in a
dialysis tube (MWCO 3,500 Da) to remove the bulk of free reagents, and then mixed with 4x
the volume of ethyl ether (Sigma-Aldrich) and vortexed vigorously followed by centrifugation
at 4,000 rpm for 5 minutes to further remove unreacted monomers in the supernatant. The

purified polymers were vacuum-dried and then dissolved in 25 mM sodium acetate, pH 5.2.

Preparation of PbDAE/mRNA polyplex

PbAE/mRNA polyplex was prepared by mixing one volume of the PbAE polymer with two
volumes of MRNA molecules (Trilink Biotechnologies, San Diego, CA). After incubation for
20 minutes at 20°C, the polyplex was analyzed for size distribution and zeta potential using
a Malvern Zetasizer Nano ZS dynamic light scattering instrument (Malvern Instruments,
Worcestershire, UK). The PbAE/mMRNA polyplex was also analyzed in a gel retardation
assay. Briefly, a polyplex sample containing 250 ng mRNA was loaded into each well and

separated by electrophoresis in a 0.7% agarose gel with 1 x TBE buffer (BioRad, Hercules,



CA). RNA bands were stained with Gelred nucleic acid gel stain (Biotium, Hayward, CA) and

visualized with a GelDoc system (BioRad, Hercules, CA).

Preparation and characterization of LPP/mRNA vaccines

The lipids 1,2-dioleoyl-sn-glycero-3-ethylphosphocholine (EDOPC), 1,2-dioleoyl-sn-glycero-
3-phosphatidyl-ethanolamine (DOPE), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[amino(polyethylene glycol)-2000 (DSPE-PEG-2000), cholesteryl hemisuccinate (CHEMS)
and 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP) were purchased from Avanti Polar
Lipids (Birmingham, Alabama, USA). Cholesterol was obtained from Sigma-Aldrich (Saint
Louis, MO, USA). The reagents were dissolved in chloroform at a final concentration of 20
mg/mL and applied to prepare thin lipid films by rotary evaporation in a Buchi Rotavapor
(Oldham, UK) under partial vacuum. The thin lipid film was composed of 49% EDOPC, 49%
DOPE and 2% DSPE-PEG. The lipid film was rehydrated with a solution containing
PbAE/mRNA polyplex to prepare the lipopolyplex mRNA vaccine. Size distribution and zeta
potential of the LPP/mMRNA vaccine were measured with DLS and transmission electronic
microscopy (TEM). The same procedure was applied to prepare CHEMS/DOPE/octaarginine
(CHEMS/DOPE/R8) and DOTAP/Cholesterol/DSPE-PEG-2000 (DOTAP/Chol/DSPE-PEG-
2000) lipopolyplexes. To prepare protamine/mRNA polyplex, protamine sulfate (grade X,
Sigma Aldrich) was mixed with mRNA at weight ratio of 2:1 in 10 mM Tris-HCL buffer,

followed by a 30-minute incubation at room temperature.

Cellular uptake of LPP/mRNA vaccine in vitro

Immortalized DC2.4 (a murine bone marrow derived dendritic cell line) cells were applied to
test protein expression from the LPP/mMRNA vaccine. Briefly, cells were seeded in a 24-well
plate at a seeding density of 1.5 x 10° cells/well, and cell culture was maintained in 1 mL
RPMI-1640 complete medium (supplemented with 10% fetal bovine serum [FBS, Atlas
Biological, Fort Collins, CO], 1% penicillin/streptomycin [10,000 units penicillin and 10 mg
streptomycin, Sigma-Aldrich, Saint Louis, MO] and 0.1% B-mercaptoethanol [Sigma-Aldrich]).
Cells were incubated with LPP packaged with 0.5 pg eGFP mRNA (LPP/eGFP mRNA) for
24 hours, and eGFP expression was visualized using an Eclipse TE2000-S fluorescent
microscope (Nikon Corporation, Tokyo, Japan). Flow cytometry was performed to measure
percentage of GFP-positive cells using a BD Accuri C6 flow cytometer (Becton Dickinson,
BD, Franklin Lakes, NJ, USA). The same procedure was also applied to determine eGFP
expression in human MDA-MB-231 breast cancer cells (ATCC; Manassas, VA) and murine

mDMEC skin endothelial cells after they were incubated with LPP/eGFP mRNA, respectively.



To determine route of cellular internalization of the LPP/mMRNA vaccine, DC2.4 cells were
seeded at a density of 1.5 x10° cells/well in a 24-well plate and incubated for 24 h at 37°C.
They were then treated with FAM-labeled mRNA packaged in LPP (LPP/FAM-mRNA) and
one of the following small molecule inhibitors: amiloride (0.2 mM), chloroquine (100 mM),
genistein (50 uM), chlorpromazine (15 uM), or pimozide (10 uM). Cells were allowed to grow
for 4 hours before they were washed with ice-cold PBS and applied to determine particle
uptake under the fluorescent microscope.

Cytotoxicity from LPP/mMRNA in vitro

To test potential cytotoxicity from LPP/mRNA vaccine, DC2.4, MDA-MB-231 and Endothelial
cells were seeded in a 96-well plate at a seeding density of 3 x 10* cells/well, and treated
with LPP/ 0.1 pg mRNA. Cell viability was measured 24 hours later with a tetrazolium-based
CellTiter 96° Aqueous One Solution Cell Proliferation (MTS) assay (Promega, Madison, WI)

following the manufacturer’s instruction.

Preparation of bone marrow-derived dendritic cells (BMDCs)

BMDCs were prepared from C57BL/6 mice as previously described (24). Briefly, bone
marrow cells from the femur and tibia were flushed out with 2% FBS-containing phosphate
buffer saline (PBS) using a syringe. Cells were centrifuged at 500 x g for 4 minutes, treated
with ACK lysis buffer (Lonza Inc) to remove red blood cells, and resuspended in RPMI-1640
culture medium supplemented with 10% FBS, 0.5% [B-mercaptoethanol, 1%
penicillin/streptomycin, 20 ng/mL granulocyte-macrophage colony-stimulating factor (GM-
CSF), and 20 ng/mL interleukin-4 (IL-4). They were seeded into 6-well plates at a seeding
density of 1 x 10° cells/mL, and growth medium was changed every other day. The non-
adherent dendritic cells were harvested on day 5.

Measurement of pro-inflammatory cytokines

BMDCs were seeded at a density of 3 x 10° cells/well in a 24-well plate, and treated with
LPP/0.5 pg OVA mRNA. Disassembled components of the LPP/mRNA vaccine (the
liposome shell and the polyplex core) served as negative controls. After 24 hours of
incubation, supernatants were collected, and IL-6, TNF-a, IFN-B and IL-12 concentrations
were measured with an ELISA kit for cytokine measurement (eBioscience, San Diego, CA).
To measure serum IFN-[ level in vaccinated mice, C57BL/6 mice were vaccinated s.c. with
2.5 yg LPP/OVA-mRNA and serum was collected 3, 6 and 24 hours later. Serum IFN-[3 level
was determined with the ELISA kit (eBioscience, San Diego, CA).



TLR7/8 inhibition

DC2.4 cells were seeded in a 24-well plate at a density of 1.5 x 10° cells/1 mL RPMI-1640
complete medium, and incubated for 24 hours at 37°C. Cells were then treated with the
TLR7/8 inhibitor ODN 2087 (Militenly Biotec, San Diego, CA, USA) at a final concentration of
2.5 uM for 1 hour at 37°C. Subsequently, LPP/0.5 ug OVA mRNA was added into the culture,
and cell growth was maintained for another 24 hours before cell culture medium was
collected for cytokine analysis. Dendritic cells without TLR inhibitor treatment served as the
positive control, and cells without LPP/OVA mRNA treatment were used as the negative

control.

Evaluation of dendritic cell maturation

DC2.4 cells were seeded in 24-well plates at a density of 1.5 x 10° cells/well supplied with 1
mL RPMI complete medium. They were treated with LPP/0.5 ug mRNA and incubated at
37 °C for 24 hours. Cells were then washed with PBS, stained with antibodies specific for
CD11c, CD40, CD86 and MHC Il (BD Bioscience), and applied for flow cytometry analysis
with a BD Accuri C6 flow cytometer (Becton Dickinson, BD, Franklin Lakes, NJ, USA).

MHC | and ll-restricted antigen presentation assays

To measure antigen presentation, BMDCs treated with LPP/OVA mRNA were stained for 10
minutes at room temperature with a pentamer that recognize the OVA257-264 - H-2Kb
complex (H-2Kb/SIINFEKL, BD Bioscience, San Jose, CA). Cells were then stained for 30
minutes with an anti-CD11c antibody (BD Bioscience) and analyzed using a BD Accuri C6

flow cytometer (BD Bioscience, San Jose, CA).

To determine T cell activation, BMDC and DC2.4 cells were treated with LPP/0.5 pg OVA
MRNA for 24 hours. Cells were washed with PBS and co-cultured either with B3Z OVA-
specific CD8 T cells or DOBW OVA-specific CD4 T cells at a DC/T cell ratio of 1:1. ELISA
was performed to measure IL-2 secretion by the activated T cells. All samples were

measured in triplicate.

In vitro Killing of B16-OVA melanoma cells by cytotoxic T cell

DC2.4 were seeded at a density of 1.5 x 10° cells/well in a 24-well plate. After overnight
incubation, cells were treated with LPP/0.5 pg OVA mRNA for 24 hours at 37°C. These
DC2.4 cells were subsequently co-cultured with B3Z T cells at a DC2.4/T cell ratio of 1:2.
After 24 hours of incubation, the activated T cells were applied to co-culture with B16
melanoma cells at T cell/tumor cell ratio of 5:1 for 4, 8 or 24 hours at 37°C. Tumor cell

viability was then determined using a MTS formazan viability assay (Promega, Madison, W1I)



as described above. Tumor cells treated with non-activated T cells or with T cells activated
with a HER2 breast cancer antigen peptide served as negative controls. All samples were

measured in triplicate.

Bioluminescence imaging in live mice

BALB/c mice were administered subcutaneously with 10 ug of luciferase mRNA loaded into
LPP (LPP/Luc mRNA). Mice were injected intraperitoneally with 30 pg RediJect D-luciferin
Ultra (Perkin-Elmer) 24 or 48 hours later, and bioluminescence was measured in a Xenogen

IVIS-200 imaging system.

Efficacy test in murine model of lung metastatic melanoma

Eight-week-old male and female C57BL/6 mice were inoculated with 2.5 x 10° B16-OVA
melanoma tumor cells by tail vein injection to establish lung metastatic tumors following a
previously described protocol (25). Three days after tumor inoculation, mice were
subcutaneously vaccinated with LPP/OVA mRNA (1 ug). Vaccination was boosted at days 7
and 10 with two more inoculations. Mice were euthanized on day 18, and lungs were
harvested and fixed with 4% paraformaldehyde. Number of lung metastatic tumor nodules

was counted under a dissecting microscope.

In vivo T cell activation analysis

To determine T cell activation status, C57BL/6 mice were immunized s.c with 2.5 ug
LPP/OVA mRNA. To determine T cell activation by surface marker, mice were euthanized
24 hours later, and spleen and lymph nodes were collected, processed and stained with an
anti-murine CD3, CD4, CD8 or CD69 antibody (Ebioscience) for 30 minutes at 4°C, and then
analyzed by flow cytometry using BD Accuri C6 flow cytometer (BD Bioscience, San Jose,
CA). To measure T cell activation by IFN-y secretion, C57BL/6 were immunized s.c with
LPP/OVA mRNA or LPP/TRP2 mRNA at days 1, 4 and 7. One week after the last
immunization, spleen and lymph nodes and PBMCs were collected and processed for single
cell analysis. Cells were re-stimulated with OT-1 (OVAz57.064), OT-Il (OVAz23.339), Or PMA-

lonomycin for 48 hours at 37°C. IFN-y secretion was analyzed by ELISA (eBioscience)
Statistical analysis
Two-tailed Student t test was applied for comparison between experimental groups. P < 0.05

was considered statistically significant.

RESULTS



Lipopolyplex-based mRNA vaccine is optimal for dendritic cell uptake and protein
expression.

We designed a novel platform for mRNA-based vaccine that consisted of a PbAE/mRNA
polyplex core structure packaged into a lipid bilayer envelope (Figure la). Agarose gel
electrophoresis was applied to examine mRNA binding capacity to the cationic PbAE
polymer, and it was determined that mRNA was fully encapsulated into PbAE when
PbAE/mRNA ratio (w/w) was 20 or beyond (Figure 1b). Consequently, a PDAE/mRNA ratio
of 20 was chosen to prepare LPP mRNA vaccines in the rest of the study. TEM analysis
detected a 50 nm PDAE/mMRNA polyplex core (Figure 1d) surrounded by an
EDOPC/DOPE/DSPE-PEG-2000 lipid shell (Figure 1c and 1e).

Lipid shell for the LPP/mMRNA vaccine was compared among EDOPC/DOPE/DSPE-PEG-
2000, DOTAP/Chol/DSPE-PEG-2000 and CHEMS/DOPE/R8. DOTAP/Chol/DSPE-PEG-
2000 forms a cationic lipid shell, and CHEMS/DOPE/RS8 is a lipid shell with an active
targeting moiety; both have previously been applied for RNA delivery (26, 27). DC2.4 served
as the antigen presenting cells and mRNA molecules encoding the eGFP protein was
applied to prepare the polyplex core. Cells incubated with the PbAE/mRNA core did not
express a detectable level of eGFP (Figure 1g). While cells treated with
EDOPC/DOPE/DSPE-PEG-2000 and DOTAP/Chol/DSPE-PEG-2000-packaged particles
expressed bright eGFP proteins, those incubated with CHEMS/DOPE/R8-packaged polyplex
did not have a detectable level of eGFP (Figure 1h-j). Interestingly, cells treated with
protamine/eGFP did not have a high level of eGFP expression either (Figure 1k), in line with
a previous report with a similar delivery platform (28). In addition, we detected a high level of
cytotoxicity from the DOTAP/Chol/DSPE-PEG-2000 formulation (Figure 1l). Consequently,
EDOPC/DOPE/DSPE-PEG-2000 was selected for LPP/mRNA vaccine preparation in all

follow-up studies.
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Figure 1. Structure and characterization of lipopolyplex mRNA vaccine. (a) Schematic
view of the lipopolyplex mRNA vaccine. The vaccine is composed of a polyplex core
assembled through electrostatic interaction between the positively charged PbAE polymer and
the negatively charged mRNA molecule. The polyplex is encapsulated into a lipid shell. (b) Gel
retardation assay on polyplex-mRNA binding. Samples were loaded in the following order: free
MRNA, polyplex'mRNA with 10, 20, 30 and 40 (w/w). (c-e) TEM images of the empty
liposomal shell (c), polyplexymRNA core (w/w=20) (d), and lipopolyplex'mRNA core-shell
structure (e). (f-k) eGFP expression in DC2.4 cells treated with mRNA-packaged particles.
DC2.4 cells were treated with (f) PBS control, g) PbAE/eGFP mRNA core, h) EDOPC/DOPE-
packaged PbAE/eGFP mRNA, i) DOTAP/Chol-packaged PbAE/eGFP mRNA, )
CHEMS/DOPE/R8-packaged PbAE/eGFP mRNA or k) protamine/eGFP mRNA core, and
eGFP expression was detected under a fluorescent microscope 24 hours later. I) DC2.4
viability upon treatment with the different particles.



LPP/mRNA vaccine enters dendritic cells through macropinocytosis.

Uptake of the LPP/mMRNA vaccine particles by different cell types was investigated. An equal
amount of EDOPC/DOPE/DSPE-PEG-2000 particles packaged with PbAE/eGFP mRNA
was added into culture of DC 2.4 cells, MDA-MB-231 human breast cancer cells, the
mDMEC murine endothelial cells, B3Z hybridoma T cells, murine B lymphoma cells, or the
Raw246.7 murine macrophage cells, and cells expressing eGFP were detected 24 hours
later. In line with the notion that DCs are the most effective antigen-presentation cells with a
high phagocytic potential (29), all DC2.4 cells had internalized the vaccine particles and
expressed the green fluorescent protein; in comparison, about half number of MDA-MB-231
cells and macrophages were GFP-positive, and only a small fraction of the B, T, and
endothelial cells synthesized GFP (Figure 2a). To ensure protein expression by the
LPP/mRNA in vivo, we treated mice with LPP packaged with luciferase mRNA (LPP/Luc).
Strong bioluminescent signal was detected 48 hours later in the abdominal cavity where the

mesenteric lymph nodes locate (Figure 2b).
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Figure 2. Preferential uptake of the lipopolyplex mRNA vaccine by dendritic cells.
(a) Flow cytometry analysis on GFP-positive cells after DC2.4, MDA-MB-231 and
MDMEC cells were incubated with lipopolyplex’feGFP mRNA for 24 hours. (b)
Bioluminescent image to detect luciferase expression in mice 48 hours after s.c. injection
of LPP/Luc. Left: control mouse; right: LPP/Luc-treated mouse.

We examined mechanism of cellular uptake by treating DC2.4 cells with inhibitors of
endocytosis, macropinocytosis and phagocytosis. Treatment with amiloride, an inhibitor of
macropinocytosis (30), and cytochalasin D, a potent inhibitor of actin polymerization which is

a  macropinocytosis-dependent  process, reduced cellular uptake of the



EDOPC/DOPE/DSPE-PEG-2000-packaged FAM fluorescent dye-labeled mRNA (LPP/FAM-
MRNA) by 70% and 80%, respectively. In comparison, cellular uptake of the particles was
not significantly affected by the caveolin-mediated endocytosis inhibitor genistein, the
clathrin-mediated endocytosis inhibitor chlorpromazine, the phagocytosis inhibitor pimozide,
or the microtubule polymerization inhibitor nocodazole (Figure 3a-h). The result suggests
that macropinocytosis was the major route of cell entry for the LPP mRNA vaccine.
Chloroquine, a reagent that prevents endosome acidification and maturation, did not affect
MRNA accumulation either (Figure 3a-g). Time-dependent monitoring of cells treated with
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Figure 3. Mechanism of cell entry. (a - h) Images of DC2.4 cells treated with LPP/0.5
Mg FAM-labeled eGFP mRNA for 4 hours in presence of (a) mock control, (b) amiloride,
(c) chlorpromazine, (d) chloroquine, (e) genistein, (f) pimozide, (g) nocodazole, and (h)
cytochalasin D. (i) Image J analysis on FAM-positive cells. (j) Time-dependent uptake of
LPP/FAM-labeled eGFP mRNA by DC2.4 cells. Error bars represent the mean =
standard deviation of triplicate experiments.



LPP packaged with FAM-mRNA (LPP/FAM-mRNA) showed a delayed increase in
fluorescent intensity, with a high intensity level reached 120 minutes after incubation (Figure

3h), indicating the mRNA molecules exited endosomes and entered the cytosol successfully.

LPP mRNA vaccine promotes DC maturation.

Murine tumor models with an overexpressed ovalbumin (OVA) have been widely applied to
test the effectiveness of cancer vaccines (31-33). We applied OVA mRNA to assemble the
therapeutic mRNA vaccine (LPP/OVA), and examined anti-tumor immunity in vitro and in
vivo. In an in vitro setting, bone marrow-derived DCs (BMDCs) were co-incubated either with
LPP/OVA or controls, and cytokine levels in the cell growth media were measured.
Interestingly, both the polyplex/OVA core and LPP/OVA, together with protamine/OVA, could
trigger significant TNF-a expression (Figure 4a). It has been previously reported that TNF-a-
dependent DC maturation is critical for activating the adaptive immune responses to virus
infection (34) and for anti-tumor immunity (35). However, neither polyplex/OVA nor
protamine/OVA was as potent as LPP/OVA in stimulating IFN-B and IL-12 expression
(Figure 4a). We have previously shown that the type | interferon IFN-B promotes DC
maturation, antigen processing and presentation, and stimulation of T cell clonal expansion
(24). Likewise, IL-12 is one of the Thl cytokines (36), and DCs that produce IL-12 promote
type | CD8" T cell immunity (37, 38). In a separate study, we treated DCs with LPP/OVA
mMRNA (0.5 and 1 ng) or LPP/OVA protein (10 and 100 pg), and compared IFN-B and IL-12
secretion. At the given doses, the mRNA-based vaccines induced higher levels of cytokine
production (Figure 4c). The results indicate that both the polyplex'mRNA core and the lipid
shell are needed in order to maximize the adjuvant effect from the vaccine. LPP/mRNA-
mediated adjuvant effect was mediated through activation of the TLR-7/8 signalling, in line
with the protamine-condensed mRNA patrticles (22, 39), as treatment with the short single-
stranded oligodeoxynucleotide TLR7/8 inhibitor ODN2087 completely suppressed LPP/OVA-
stimulated IL-12 and IFN-B expression (Figure 4b).

DC maturation markers were examined in the LPP/OVA-treated DC2.4 cells. The post-
treatment cells had dramatically increased level of MHC Il expression (Figure 4d). It has
been reported that DCs express a higher level of MHC Il loaded with peptides derived from
antigens at the plasma membrane upon activation (40). In addition, levels of the other DC

maturation markers, CD40 and CD86, were also higher in the treated cells (Figure 4c).
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Figure 4. DC stimulation by the LPP/mMRNA vaccine. a) Cytokine secretion in BMDCs
treated with LPP/OVA (EDOPC/DOPE/DSPE-PEG packaged with OVA mRNA) and
controls. b) Inhibition of IL-12 and IFN-f expression by the TLR7/8 inhibitor ODN2087. c)
Comparison between LPP/OVA mRNA and LPP/OVA protein on DC stimulation. d) Flow
cytometry analysis on DC maturation markers. Error bar represents the mean +* standard

LPP mRNA vaccine stimulates antigen presentation.

Antigen processing and presentation were analyzed in BMDCS treated with LPP/OVA. Flow
cytometry detected CD11c" DCs that also displayed MHCI-OVA epitope on cell surface
(Figure 5a). When the post-treatment cells were co-incubated with OVA-specific CD4" or
CD8" T cells, we detected significant increases in IL-2 secretion by the antigen-specific T
cells (Figure 5b), indicating the DCs had successfully processed and presented OVA
epitopes that could be recognized by the T cells. These results demonstrate that BMDCs
can properly translate the mRNA antigen, and process and present the antigen epitopes. In
a separate study, we observed similar effects with the post-treatment DC2.4 cells (Figure 5c).
Furthermore, we compared the ability of DC2.4 cells pulsed with LPP/OVA mRNA or
LPP/OVA protein to activate naive T cells in vitro, and found those primed with LPP/OVA
MRNA triggered a higher level of IL-2 secretion by T cells (Figure 5d). The results

demonstrate that the mRNA-based vaccine has a higher immunogenic potential comparing



to the protein-based vaccine, thanks to its ability to activate innate immunity and enhance T

cell priming.
A d * Kk
d S Control Protamine/OVA LPP/OVA __ 200 Ll

E 1.0 1.9% -El 160

. % . uo 7.9%
2 ";-n 120
- 2 30
w 3 o
- . RS ] |
"L" 3 F o &
é «(‘e} (“QS\ \Q\}% °°¢%

> O& ‘\?: ‘é\(‘ \(\Q
NI
o &
b 150 I 24 hr C
— -48 hl’ kK k —_ 2407 .k - 24 hr
- a I 48 hr
£ 100/ * ok k £ *ok ok
T - = 160/ ok
2 o
~— * % &
o 50 ~ 80 .
2 i
0-
N AN
S F &
N O N O
¢ N ¢ &
Q Q}‘s

Figure 5. Stimulation of DC antigen cross-presentation by the LPP/mRNA vaccine.
a) Flow cytometry analysis on H-2k°-OVAs7.,64 presentation. b) Time-dependent IL-2
secretion by OVA-specific CD4" and CD8" T cells after co-incubation with post-treated
BMDCs. B3Z: OVA-specific CD8" T cell;, DOBW: OVA-specific CD4" T cell. ¢c) Time-
dependent IL-2 secretion by OVA-specific CD4" and CD8" T cells after co-incubation with
post-treated DC2.4 cells. d) Comparison of IL-2 secretion by OVA-specific CD8" T cells
after co-incubation with DC2.4 cells pretreated with LPP/OVA mRNA or LPP/OVA protein.

LPP mRNA vaccine has a potent anti-tumor activity.

In vivo LPP/OVA mRNA vaccination recapitulated the DC maturation and T cell stimulation
phenotypes. A significantly higher level of serum IFN-B was detected 6 hours after
vaccination (Figure 6a), and stimulation of CD4" and CD8" T cells in the lymph nodes and
spleen was determined based on positive staining of the CD69 maturation marker (Figure
6b). Cells isolated from the spleens or lymph nodes in mice after 3 treatments with LPP/OVA
mRNA vaccine had a more robust IFN-y production by the CD4" and CD8" T cells upon

rechallenge with the OT-1 and OT-Il peptides than those from mice treated with a liposomal



OVA protein vaccine (Figure 6c¢). To test tumor cell killing in vitro, we co-cultured the

activated OVA-specific T cells with B16-OVA melanoma cells at an effector T cell/ tumor cell
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Figure 6. Anti-tumor activity from LPP/mRNA in vitro and in vivo. a) Serum IFN-33
levels 3, 6, and 24 hours after s.c. LPP/OVA mRNA vaccination. b) Flow cytometry
analysis on T cell activation in LPP/OVA mRNA vaccinated mice. c) IFN-y production by
splenocytes and lymph node cells from LPP/OVA mRNA vaccinated miceupon
stimulation with OT-1 and OT-II. d) Time-dependent killing of B16-OVA melanoma cells in
culture after co-incubation with antigen-specific T cells. e) Inhibition of B16-OVA
melanoma lung metastasis by LPP/OVA mRNA. Treatment schedule (top panel) and
representative images of the lungs from post-treatment mice (middle panel) are shown,
and average number of tumor nodules in the lung is summarized (bottom panel). Data
are presented as mean + SEM. There were 5 mice in each group. f) IFN-y production by
PBMCs from mice vaccinated with LPP/TRP2 mRNA. g) Percentage of TRP2-specific
CD8" T cells in PBMCs from vaccinated mice.



ratio of 5:1, and examined time-dependent tumor cell killing. A significant decrease in B16-
OVA tumor cell viability was observed as early as 4 hours after co-incubation, and most
tumor cells were dead by the 24-hour time point (Figure 6d). In comparison, tumor cells
treated with naive T cells or T cells primed with liposomal OVA protein did not show a
significant cell death. To confirm antigen-specific tumor cell killing, we co-incubated B16-
OVA cells with T cells specific for the HER2 breast cancer antigen, but not OVA, and no cell
death was observed (data not shown).

Anti-tumor activity was further evaluated in a B16-OVA melanoma lung metastasis model.
Mice were treated with subcutaneous injection of LPP/OVA three times, and euthanized 8
days after the last treatment to examine tumor growth in the lung. Mice in the PBS control
group developed extensive pulmonary metastases; in comparison, those treated with the
LPP/OVA mRNA showed a 96% decrease in number of tumor nodules in the lung (Figure
6e), demonstrating the power of the LPP mRNA vaccine in treating metastatic tumors.

In a separate study, we treated C57BL6 mice bearing B16 melanoma with another mRNA
vaccine targeting TRP2 (LPP/TRP2 mRNA). We detected a significant level of IFN-y
expression by PBMCs in the vaccinated mice (Figure 6f). About 4% total PBMCs were
TRP2-specific CD8" T cells (Figure 6g). There results demonstrate that the LPP/mMRNA
platform is not restricted to one mRNA, indicting its potential for broad applications in the

fight against cancers.

DISCUSSION

Tumor-associated neoantigens are constantly being identified as a result of the massive
cancer genome sequencing effort and technology advance in predicting immunogenic tumor
mutations (41-43). This resource has provided us with an unprecedented opportunity to
develop immunotherapies based on the unique genetic features of the cancer cells, thus
sparring the body from unnecessary attack from the standard-of-care chemotherapy drugs.
The mRNA-based vaccine has the flexibility to include multiple neoantigens within the same
construct, and the choice of antigen peptide can be tailored based on the unique mutation
spectrum of the individual patient, making precision medicine possible. Yet, development of
the enabling technology for cancer vaccine has lagged. The lipopolyplex mRNA vaccine

platform described in this study represents an important advance in this direction.

Our analysis has revealed multiple advantages from the mRNA core-lipid shell structured
LPP/mRNA vaccine over the conventional compressed mRNA core vaccines. Encapsulating

the mRNA core into the lipid shell not only protects mRNA from degradation, but also



improves DC uptake of the vaccine particles (Figure 1). In addition, the lipid shell structure
prohibits the mRNA core from interacting with non-antigen-presenting cells, thus limiting
potential side effects. Furthermore, the LPP/mMRNA vaccine is more potent than the naked
MRNA core vaccines in stimulating expression of IFN-f and IL-12 (Figure 4), cytokines that
play an important role in mediating anti-tumor immunity through promoting DC maturation.
Moreover, LPP/mMRNA is very potent in mediating tumor cell kiling. On top of these
advantages, a core-shell structure also provides the option to encapsulate soluble adjuvants
or other stimulatory molecules in the lipid shell whenever there is a need to further enhance
activity of the antigen-presenting cells. All these properties highlight the high potential of this
novel technology platform in the development of new immunotherapeutic agents in the era of

precision medicine.
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