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ABSTRACT

Nasopharyngeal carcinoma (NPC) is a serious and highly invasive epithelial malignancy that is closely associated with
Epstein—Barr virus (EBV). Due to the lack of therapeutic vaccines for NPC, we selected EBV latent membrane protein 2 (LMP2)
as a preferable targeting antigen to develop a lipid-based LMP2-mRNA (mLMP2) vaccine. Full-length mLMP2 expressing LMP2
was first synthesized using an in vitro transcription method and then encapsulated into (2,3-dioleacyl propyl) trimethylammonium
chloride (DOTAP)-based cationic liposomes to obtain the mRNA vaccine (LPX-mLMP2). The cell assays showed that the antigen-
presenting cells were capable of highly efficient uptake of LPX-mLMP2 and expression of LMP2. LMP2 could subsequently be
presented to form the peptide-major histocompatibility complex (pMHC). Furthermore, LPX-mLMP2 could accumulate in the
spleen, express antigens, promote the maturation of dendritic cells and stimulate antigen-specific T-cell responses in vivo. It
dramatically inhibited the tumor growth of the LMP2-expressing tumor model after three doses of vaccination. Additionally, the
proliferation of antigen-specific T cells in the tumor site made a good sign for the promise of MRNA vaccines in virus-induced
cancer. Overall, we provided a newly developed antigen-encoding mRNA vaccine with advantages against NPC. We also

demonstrated that mRNA vaccines are attractive candidates for cancer immunotherapy.
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1 Introduction

Nasopharyngeal carcinoma (NPC) is the most common
malignant cancer of the head and neck and is mainly prevalent in
East and Southeast Asia. According to statistics, there were
133,354 new cases and 80,008 new deaths worldwide in 2020 [1].
The primary treatment regimens for NPC are radiation and
chemotherapy. They could offer good prognosis for NPC at early-
stage and intermediate stages, while local recurrence and distant
metastasis always result in treatment failure and low survival
rates [2, 3].

Epstein-Barr virus (EBV) is a common pathogen, and more
than 90% of adults globally are estimated to be infected with
EBV [4]. EBV infection is closely associated with NPC and
contributes the most cases. Latent EBV antigens with good
immunogenicity are capable of activating antigen-specific
cytotoxic T lymphocytes (CTLs), which have become the focus of
immunotherapies against EBV-associated malignancies [5]. Thus,
therapeutic EBV vaccine strategies are promising in the treatment
of NPC [6]. Some of the strategies have been in clinical trials,
including dendritic cell (DC)-based vaccines [7] and recombinant
viral vector-based vaccines [8,9]. DC-based EBV vaccines have

shown effectiveness and safety in responders. However, the broad
application of DC-based EBV vaccines may not be feasible due to
the cost associated with the preparation of personalized vaccines.
Recombinant viral vector-based vaccines, such as the modified
vaccinia ankara (MVA) vector vaccine and adenoviral vector
vaccine, have been shown to boost EBV-specific CD8" and CD4"
T-cell responses in NPC patients. However, safety, such as the
integration risk of viral genes into the host genome, needs to be
further evaluated. Thus, it is necessary to develop novel vaccines
with higher immunogenicity and safety.

mRNA therapy has attracted much more attention and has
become a novel appealing approach in fighting large-scale
outbreaks of infectious diseases [10]. For example, the wide
application of mRNA vaccines in the prevention of SARS-CoV-2
displayed high immunogenicity and good tolerance in healthy
people [11]. It is also widely applied in cancer [12,13], gene
diseases [14], and reactivation of the tumor suppressor [15].
mRNA vaccines can transfect antigen presenting cells (APCs),
such as DCs, where the antigen-encoding mRNA is capable of
being translated into functional antigen proteins. The proteins are
presented via major histocompatibility complex (MHC) molecules
and then activate the CTLs to further kill the tumor cells. mRNA
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can be transiently translated in cells, degraded in a short time [16,
17], and not supposed to enter the nucleus. These features allow
more controlled antigen exposure, making it safer and more
efficient. In the recent a few decades, mRNA vaccines have shown
promise in several types of cancers, including pancreatic cancer
[18], melanoma [19], glioblastoma [20], and prostate cancer [21].
However, the effectiveness of mRNA vaccines in treating virus-
induced cancers remains unknown.

Cancer cells can express a series of inhibitory cytokines,
enzymes, and  checkpoint  molecules and  recruit
immunosuppressive immune cells, making the tumor
microenvironment (TME) a highly immunosuppressive state [22,
23]. In NPC patients, EBV-related tumor cells mainly express EBV
nuclear antigen 1 (EBNAI) and latent membrane protein 1
(LMP1) and LMP2 antigens. These antigens are critical for the
release of various cytokines to recruit and promote the homing of
lymphocytes and other immune cells to the TME. However, in the
early stage, EBNA1-specific CD8" T-cell responses are suppressed
by reducing the recognition of T cells [24]. LMP1 can promote cell
motility, invasion, and metastasis [25] and is unsuitable as a
therapeutic target. LMP2 is expressed more consistently in NPC
patients. It can prevent the activation of Iytic EBV replication and
maintain EBV latency by blocking tyrosine phosphorylation [26].
In addition, LMP2 contains many CD8" T-cell epitopes [27,28]
and is therefore considered the best CD8* T-cell target expressed
in NPC. It was reported that using multiepitope EBV-LMP2 as an
antigen would increase EBV-specific CD8" and CD4" T-cell
responses in NPC patients [7-9,29-31]. Thus, in this study,
LMP2-mRNA (mLMP2) expressing full-length LMP2 was
synthesized using an in vitro transcription method. Cationic
liposomes were used to encapsulate mLMP2 (LPX-mLMP2) to
enhance the stability and delivery of mRNA. Then, the in vitro
characterization, antigen expression and presentation,
pharmacodynamics against NPC, and the mechanism were
investigated. It was shown that LPX-mLMP2 was a promising
mRNA vaccine against NPC.

2 Materials and methods

2.1 Materials and reagents

(2,3-Dioleacyl propyl) trimethylammonium chloride (DOTAP),
1,2-di-O-octadecenyl-3-trimethylammonium propane (chloride
salt) (DOTAM), and 38-[N-(N, N'-dimethylaminoethane)-
carbamoyl] cholesterol hydrochloride (DC-Chol) were purchased
from A.V.T. Pharmaceutical Co., Ltd. (Alabaster, USA). G0-C14
was synthesized and purified by published protocols [15,32].
Cholesterol (Chol) was supplied by Shanghai Yuanju Biology
Technology Company (Shanghai, China). mLMP2, mRNA
encoding ovalbumin (mOVA), and mRNA encoding green
fluorescent protein (mGFP) were synthesized in the State Key
Laboratory of Biotherapy at Sichuan University. Cy5-
conjugated mRNA (mCy5) and mRNA encoding luciferase
(mLUC) were purchased from TriLink Biotechnologies (San
Diego, CA, USA). D-Luciferin (potassium salt) was purchased
from Biovision. 1x tris-acetate-ethylenediaminetetraacetic
acid (TAE) buffer, agarose, 1,1'-dioctadecyl-3,3,3',3'-
tetramethylindodicar-bocyanine,  4-chlorobenzenesulfonate
salt (DiD), RNase-free water, and erythrocyte lytic products
were obtained from Sigma -Aldrich (Shanghai), Inc.
(Shanghai, China).  Granulocyte-macrophage colony-
stimulating factor (GM-CSF) was purchased from Pepro Tech
Inc. (Rocky Hill, USA). APC-anti-mouse CDllc, PE-anti-
mouse CD1lc, phycoerythrin (PE)-anti-mouse CD80,
fluorescein isothiocyanate (FITC)-anti-mouse CD86, and
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APC-anti-mouse SIINFEKL/H-2Kb 25-D1.16 were purchased
from Biolegend Inc. (San Diego, CA, USA). FITC-anti-mouse
CD3, APC-anti-mouse CD8a, and PE-anti-mouse CD4 were
obtained from Becton Dickinson and Company (New York,
USA); PE-H-2Kb SIINFEKL tetramer (OVA-tetramer) was
obtained from Guangzhou Haozi Biotechnology Co., Ltd.
(Guangzhou, China). Chlorpromazine, wortmannin, filipin,
and cytochalasin D were purchased from Enzo Biochem, Inc.
(New York, USA). Dulbecco's modified Eagle's minimal
essential medium (DMEM) and Roswell Park Memorial
Institute (RPMI)-1640 medium and mRNA markers were
purchased from Thermo Fisher Scientific Inc. (MA, USA).
Fetal bovine serum (FBS), phosphate buffer (PBS), and 2-
mercaptoethanol were obtained from Gibco (Carlsbad, CA).
Other reagents were of analytic grade. E. G7 cells and DC 2.4
and TC-1 cells were purchased from American Type Culture
Collection (ATCC). TC-1-GLUC-LMP2 cells were obtained
from Mr. Wang Zhan from the Institute of Virology, Chinese
Center for Disease Control and Prevention.

2.2 Cell line

DC24, TC-1-GLUC-LMP2, and TC-1 cells were cultured in
RPMI-1640 medium containing 10% FBS, 1% penicillin, and 1%
streptomycin. E. G7 cells were cultured in DMEM containing 10%
FBS, 1% penicillin, and 1% streptomycin. All cells were
maintained at 37 °C with 5% CO, in a cell incubator.

2.3 Experimental animals

C57BL/6 male mice (7-8 weeks old) were purchased from Beijing
Huafukang Biotechnology Co., Ltd. The mice were raised in
specific pathogen-free (SPF) grade animal rooms and had free
access to water and food. All animal experiments were executed
according to the protocols approved by the Animal Ethics
Committee of Sichuan University.

24 Synthesis of mLMP2

The reference amino sequence alignment of LMP2 was obtained
from the National Center for Biotechnology Information (NCBI)
databases. pST1-LMP2 was linearized with Mfe I. Then, mLMP2
was synthesized using an in vitro transcription method by
transcription from linearized DNA templates. The concentration
of mRNA was determined by absorbance at 260 nm.

2.5 Preparation of LPX

The blank liposomes (LPs) were prepared by a thin-film
dispersion method. Briefly, the lipid materials and Chol were
dissolved in 2 mL dichloromethane at a molar ratio of 1:1. Then,
the clear solution was subjected to a rotary evaporator (R-200,
Buchi). After the organic solution was removed, the thin film was
hydrated with 2 mL hydration medium at 60 °C for 40 min.
Subsequently, the coarse lipid suspension was homogenized using
a probe ultrasonic instrument (VCX130, Sonics) at 100 W for
3 min. Uniform LPs were obtained by filtering through a 0.22 ym
syringe filter. Finally, the mRNA was encapsulated into LPs by
incubation at an N/P ratio of 3:1 to obtain the LPX.

2.6 Characterization of LPs and LPX

The average particle sizes and zeta potentials of LPs were
measured using a Malvern Laser Particle Size Analyzer (Zetasizer
Nano ZS 90, Malvern, UK). All samples were measured for 3 runs
at a fixed angle of 90° at 25 °C.

The morphology was observed using transmission electron
microscopy (TEM) (Tecnai-F20, FEI, Netherlands). One drop of
the diluted sample was dropped on a 300-mesh grid. Then, the
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sample was stained with 1% (w/v) phosphotungstic acid before
observation.

2.7 Gel electrophoresis

Agarose (0.4 g) was added to 36 mL 1x TAE buffer. The mixture
was heated in a microwave oven for 2 min. After cooling to
approximately 60 °C, the solution was poured into a gel plate with
a gel thickness of 0.5 cm, and a comb was inserted to form gel
holes. After the agarose gel was denatured, 10 pL of the samples
was added to the gel holes and separated by electrophoresis. When
the electrophoresis was stopped, the gel was removed and
observed in a gel imaging analyzer (Gel Doc2000, Bio-Rad).

2.8 Storage stability

Storage stability was performed by storing LPX-mLMP2 at 4 °C.
On days 0, 7, 14, and 21, the particle size and zeta potential of the
samples were detected as described in Section 2.6. The samples
were also observed using gel electrophoresis to test mRNA
leakage. In addition, the transfection efficiency of LPX after
storage for different days was evaluated using fluorescence
microscopy and flow cytometry (NovoCyteTM, ACEA
Biosciences, Inc.) as described in Section 2.11.

2.9 Effect of serum on LPX-mLMP2

First, LPX-mLMP2 was mixed with 20% serum at a volume ratio
of 1:1. After incubation at 37 °C for 2 h, the samples were
centrifuged at 4 °C for 60 min with a rotation speed of
10,000 rpm. Then, the supernatants were removed, and the
residues were resuspended in saline. LPX-mLMP2 dispersed in
saline was used as a control. Subsequently, the particle size and
zeta potential were determined as described in Section 2.6.

LPX-mLMP2 stability in serum was investigated by mixing
LPX-mLMP2 with serum at a volume ratio of 1:1 and incubating
at 37 °C. At 2, 5, 10, and 30 min, and 1 and 2 h, the samples were
withdrawn and analyzed using gel electrophoresis as described in
Section 2.7.

210 Cellular uptake

A cellular uptake study was performed using mCy5, a
commercially available Cy5-conjugated mRNA. LPX-mCy5 was
prepared as described in Section 2.5. DC 2.4 cells were seeded in
24-well plates at a density of 1 x 10° cells/well. After culturing for
24 h, the cells were incubated with LPX-mCy5 (with 1 pg mCy5
for each well). At different time intervals (0.5, 1, 2, 4, and 6 h), the
cells were collected and washed with cold PBS three times.
Thereafter, the samples were subjected to flow cytometry.

Moreover, the endocytosis pathways of LPX-mCy5 were
studied using different inhibitors, including filipin (1.25 pg/mL,
blocking  caveolae-mediated  endocytosis),  cytochalasin-D
(25 pg/mL, blocking actin-associated —macropinocytosis),
wortmannin (2 pg/mL, blocking phosphatidylinositol 3-kinase-
associated macropinocytosis), and chlorogromazine (5.0 pg/mL,
blocking clathrin-mediated endocytosis). The cells were first
incubated with the inhibitors at 37 °C for 0.5 h. Then, the
inhibitors were replaced with LPX-mCy5 and maintained for
another 2 h. Finally, the cells were collected and analyzed using
flow cytometry.

2.11 mRNA transfection efficiency study

The transfection efficiency of LPX was investigated using mGFP
as a model. DC 2.4 is a commercial murine bone marrow-derived
dendritic cell that can be stably passaged and is commonly used in
transfection experiments. Briefly, DC 2.4 cells were seeded in 6-
well plates at a density of 2 x 10° cells/well. After incubation for
24 h, the cells were transfected with LPX-mGFP. The amount of
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mRNA was 1 pg for each well. 24 h later, the GFP signal in the
cells was observed under a fluorescence microscope. Then, the
cells were collected and analyzed using flow cytometry. The
transfection efficiency was obtained directly from the flow

cytometry pattern.

212 Antigen expression

Antigen expression is an important procedure for mRNA
vaccines. In this experiment, TC-1 cells were used to verify the
antigen expression of LPX-mLMP2. TC-1 cells were seeded in 6-
well plates at a density of 2 x 10° cells/well. 24 h later, LPX-
mLMP2 was added to the well, with an mRNA amount of 1 ug for
each well. After incubation for 24 h, the cells were collected and
washed twice with PBS. Since LMP2 is a membrane protein, the
samples were incubated with 1 pL of PE-EBV-LMP2 antibody
directly without fixation and improving the permeability of the
cell membrane. The samples were then subjected to flow

cytometry.
2.13 Antigen presentation

The in vitro antigen presentation study was conducted using bone
marrow-derived dendritic cells (BMDCs), which were usually
used for antigen presentation studies. BMDCs collected from the
tibia and femur of C57BL/6 mice were treated with a precooled
erythrocyte lytic solution for 10 min. Then, the cells were cultured
in 10 mL medium containing 10% FBS, 1% penicillin/
streptomycin, 1% 2-mercaptoethanol, 89% RPMI-1640 medium,
and 0.02 pug GM-CSF. After culturing for 8 days, cells with high
purity and a low activation rate were used for the antigen
presentation study. In this experiment, mMOVA was used because it
lacks commercial detection agents for peptide-MHC (pMHC) of
LMP2 epitopes. BMDCs were seeded into 24-well plates at a
density of 4 x 10° cells/well. After incubation at 37 °C for 2 h, LPX-
mOVA was added to the wells. 24 h later, the cells were collected,
washed with PBS, and labeled with anti-mouse CD16/32 antibody,
PE-anti-mouse ~ CD1lc antibody, and APC-anti-mouse
SIINFEKL/H-2Kb 25-D1.16 antibody. After washing with PBS,
the samples were analyzed using flow cytometry.

The in vivo antigen presentation study was performed by
collecting the spleen of the immunized mice and making
splenocyte suspensions. Then, the cells were handled as described
above.

2.14 In vivobiodistribution and LPX expression

LPs encapsulated with DiD (LPs-DiD) were prepared via a thin-
film dispersion method as described in Section 2.5. Then, LPs-
DiD was mixed with mLMP2 to obtain LPX-DiD. Subsequently,
LPX-DiD was diluted with saline and injected intravenously into
the mice. After 6 h, the mice were sacrificed, and tissues such as
the heart, liver, spleen, lung, kidney, and lymph nodes were
isolated. The tissues were observed using an IVIS Spectrum living
image system (PerkinElmer Co. Ltd., America).

In vivo expression of LPX was conducted using mLUC. First,
mLUC was encapsulated in LPs to prepare LPX encapsulated with
mLUC (LPX-mLUC). Then, LPX-mLUC was injected
intravenously into the mice. 6 h later, D-luciferin was injected
intraperitoneally. After another 10 min, the mice were sacrificed,
and the tissues were isolated and observed using an IVIS spectrum
living image system.

215 Pharmacodynamic study

TC-1-GLUC-LMP2 cells expressing the LMP2 antigen were used
to establish a tumor-bearing mouse model. Specifically, C57BL/6
mice were randomly divided into four groups. Each mouse was
injected with a suspension of 1 x 10" TC-1-GLUC-LMP2 cells in
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PBS into the right flank. Mice with subcutaneous tumors ranging
from 250 to 300 mm’ were subjected to treatment. For cancer
therapy, intravenous injection is a common delivery route with
good immunization [14]. As reported, TCR and interferon (IFN)
signaling activation were dependent on the route of mRNA
administration, which ultimately impacted CTL activation. It was
suggested that mRNA vaccination via intravenous injection could
avoid the adverse effects of innate immunity inherent in mRNA
and promote CD8" T-cell responses [19, 33]. Thus, we immunized
the mice by intravenous injection. An irrelevant mRNA (mIR)
was used as a negative control. The mice were immunized three
times at 5-day intervals with saline, mLMP2, LPX-mlIR, or LPX-
mLMP2 at an mRNA dose of 30 pug/mouse (all the formulations
were diluted with saline before injection). Body weight and tumor
volume were monitored since the first vaccination. The tumor
volume was calculated according to Eq. (1)

V=wxl/2 (1)

where w and [ are the width and length of the tumor as measured
by a caliper.

Five days after the third vaccination, the mice were sacrificed.
Tissues such as the heart, liver, spleen, lung, and kidney were
isolated and weighed. The organ index of each tissue was
calculated according to Eq. (2)

Organ index = organ weight/body weight (2)

Subsequently, the spleen and lymph nodes were collected to
determine the maturity of DCs and the amount of CTLs,
respectively. Moreover, the organs were cut into slices and stained
with hematoxylin and eosin (H&E) for pathological study. The
blood of each mouse was collected by eyeballs, and several
biochemical indexes, such as alanine aminotransferase (ALT),
aspartic acid aminotransferase (AST), total protein (TP), uric acid
(UA), and urinary anhydride (UREAL) were assayed.

216 E. G7 tumor-bearing mice establishment and
antigen-specific T-cell determination

E. G7 tumor-bearing mice were established by injecting E. G7 cells
subcutaneously into the right flank with a cell suspension of 1 x
10° cells in PBS. Mice with tumors of approximately 200 mm’
were subjected to treatment. In this experiment, LPX-mOVA was
used as the therapeutic vaccine. The vaccination regimen was
similar to that described in Section 2.14. Eight days after the third
vaccination, the mice were sacrificed. The spleen, lymph node, and
tumor were collected and detected for antigen presentation and
antigen-specific T cells.

Briefly, single spleen, lymph node, and tumor cells were
collected and treated with erythrocyte lysate solution for 10 min.
Then, the cells were washed twice with PBS. The cells were
subsequently labeled with 1 uL FITC-anti-mouse CD3, 1 pL APC-
anti-mouse CD8a, and 1 pL H-2kB OVA tetramer SIINFKL/H-
2Kb, and kept in the dark at 4 °C for 40 min. Thereafter, the
samples were washed with PBS twice and detected using flow

cytometry.
2.17 Statistical analysis

The statistical significance of the results was calculated using a two-
tailed Student's ¢ test. A p value less than 0.05 was considered
statistically significant.

3 Results and discussion

3.1 Preparation and characterization of LPX
EBNA1, LMP1, and LMP2 are the antigen proteins consistently
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expressed in NPC [25]. EBNAI maintains EBV DNA in infected
cells; however, it also contains a large glycine/alanine repeat
domain that could reduce the recognition of CD4* and CD8" T
cells and result in tumor immune escape [27, 34]. LMP1 is present
only in a portion of NPC biopsies, with lower expression in tumor
cells [35]. LMP2 is expressed in over 98% of NPC biopsies. It also
contains many CD8" T-cell epitopes and limited CD4* T-cell
epitopes and is considered a promising therapeutic target. Thus, in
this study, we developed a synthetic mRNA expressing full-length
LMP2, with the optimal codons and a secretion signal sequence to
promote immunogenicity and antigen presentation for NPC
immunotherapy.

LPs were then prepared using a thin-film dispersion method
[36]. Meanwhile, LPX was obtained by mixing LPs and mRNA
physically with an N/P ratio of 3. In the preparation process, the
hydration medium seemed to be a significant component for the
formation of LPs and LPXs. Thus, four kinds of media, H,O (LP-
H,0), saline (LP-saline), 5% glucose (LP-Glu), and PBS (LP-PBS),
were investigated. DOTAP was used as the lipid, and the
commercial cationic carrier Lipofectamine 2000 (Lipo) was used
as a control. As shown in Fig. 1(a), LP-saline and LP-PBS had
larger particle sizes of over 200 nm, while LP-H,O and LP-Glu
exhibited smaller particle sizes of approximately 60 and 100 nm,
respectively. The zeta potentials of LP-H,O and LP-Glu were
approximately 34 mV, while LP-saline and LP-PBS had higher
zeta potentials. The results indicated that the ions existing in the
medium may increase the particle sizes and zeta potentials of LPs.
This phenomenon may be due to the adsorption of anions onto
the surface of the cationic liposomes and result in a fusion or cross-
linking state [37]. The electrophoretogram (Fig. 1(b)) showed that
LP-saline and LP-Glu could not efficiently encapsulate the mRNA.
This may be because the binding of anions on the head groups of
the lipids occupied the binding sites for mRNA [38]. The
transfection activities of LPX in DC2.4 cells were also studied. As
shown in Fig. 1(c), the transfection efficiencies of LPX-H,O and
LPX-Glu were over 80%, which were similar to that of Lipo. LPX-
saline and LPX-PBS had much lower transfection efficiencies of
approximately 20%. This may be because LPX-H,0 and LPX-Glu
had higher encapsulation rates and smaller particle sizes that
facilitated cellular uptake. In addition, although LPX-H,O and
LPX-Glu had similar transfection efficiency, the median
fluorescence intensity (MFI) of LPX-H,O was higher than that of
LPX-Glu, which meant that the LPX-H,O group can translate
more GFP per cell. As LPX-H,O had a smaller particle size and
higher transfection activities, H,O was used as the hydrated
medium.

Cationic phospholipid materials are optimum carrier materials
for nucleic acid drug delivery [23]. Therefore, the species of
cationic lipids were also optimized. As shown in Fig. 1(d), the
particle sizes of the LPXs with different cationic lipids were in the
order LP-DOTAP < LP- N-[1-(2,3-dioleyloxy)propyl]-N,N,N-
trimethylammonium chloride (DOTMA) < LP-DC-Chol < LP-GO0-
C14. In addition, LP-DOTAP exhibited the highest zeta potential.
The electrophoretogram (Fig. 1(e)) showed that, at the ratio of
N/P = 3, all the cationic lipids could encapsulate mRNA efficiently
without any free mRNA. However, the transfection efficiencies
and MFI showed differences (Fig. 1(f)). LPX-G0-C14 showed a
slightly higher transfection efficiency but a lower MFI than LPX-
DOTMA. We speculated that LPX-G0-C14 was more easily taken
up by DC 2.4 than LPX-DOTMA, while LPX-DOTMA was more
likely to escape from lysosomes, resulting in a higher MFI. LPX-
DOTAP showed the highest transfection efficiency and MFI,
while LPX-DC-Chol showed the lowest. This may be due to the
smaller particle size and higher surface charge of LP-DOTAP,
making it easier for it to interact with the cell membrane and be
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Figure1 A lipid-based mRNA vaccine (LPX-mLMP2) was developed and characterized. In the preparation process, the hydration medium showed a great influence
on the LPX. mGFP was used to optimize the formulation. The particle size and zeta potential (a), electrophoretogram (b), and transfection activities of LPX-mGFP
with different hydrated media in DC24 cells (c) were investigated. In addition, to optimize the cationic lipids, the particle size and zeta potential (d),
electrophoretogram (e), and transfection activities of LPX-mGFP with different kinds of cationic lipids (f) were studied. Based on the schematic image of LPX-mLMP2
(g), the TEM image (h) and Tyndall effect (i) further presented the internal structure and exterior of LPX-mLMP2. The storage stability was investigated by keeping
LPX-mLMP2 at 4 °C. The particle sizes, zeta potentials (j), and encapsulation efficiencies (k) were determined on days 0, 7, 14, and 21. The influence of serum protein
on LPX-mLMP2 was studied. The particle size and zeta potential of LPX-mLMP2 dispersed in saline and 20% serum were determined (1). Then, fluorescence
microscopy (m) and flow cytometry analysis (m) were performed to investigate the mRNA transfection stability in DC2.4 cells. LPX-mLMP2 was mixed with serum at
a volume ratio of 1:1, and mRNA degradation was monitored at different time intervals (o). The transfection activities of LPX-mGFP in the medium with/without
serum were determined in DC2.4 cells (*p < 0.05) (p).

internalized into the cells. Therefore, DOTAP was used as the 2.10 nm and 0.188 + 0.005, respectively. The zeta potential of LPX-
optimal cationic lipid. mLMP2 was 39.20 + 2.52 mV. The TEM morphology (Fig. 1(h))

LPX-mLMP2 was then prepared using DOTAP with H,O as showed that LPX-mLMP2 exhibited a multilayer capsule
the dispersion medium. The particle size and PDI were 133.57 + structure. In addition, the preparations showed the Tyndall effect
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under a red laser (Fig. 1(i)), revealing that LPX-mLMP2 existed as
a colloidal system.

3.2 Storage and serum stability of LPX

The storage stability of LPX-mLMP2 was studied by maintaining
the formulations at 4 °C. From the results (Fig. 1(j)), the particle
sizes and zeta potentials of LPX-mLMP2 were unchanged.
mLMP2 was encapsulated in LPX-mLMP2 with little leakage for
21 days (Fig.1(k)). In addition, the transfection of LPX was
studied using LPX-mGFP. After 21 days, large amounts of GFP
were expressed (Fig. 1(m)). Furthermore, there was no significant
decrease in transfection efficiency with time, and the MFIs were
almost unchanged (Fig. 1(n)). These results indicated that LPX-
mLMP2 could be physically stable for at least 21 days.

Moreover, the serum protein carries negative charges, making it
adsorbed on the surface of LPX through electrostatic interactions.
Thus, the effect of serum on LPX was also investigated. As shown
in Fig. 1(1), after incubation with 20% serum, the particle size of
LPX-mLMP2 increased from 136.10 + 3.03 to 426.93 + 26.58 nm,
while the zeta potential decreased from 39.40 + 1.15 to —2.99 +
0.55mV.

The stability of LPX-mLMP?2 in serum is shown in Fig. 1(0). In
the electrophoretograms, the serum presented as a dispersive
band, and free mLMP2 exhibited a single band. When mLMP2
was incubated in serum, a degradation band was observed after

Nano Res. 2023, 16(4): 5357-5367

2 min. Then, the degradation band disappeared after 5 min, which
may indicate that mLMP2 was fully degraded. LPX-mLMP2
showed a bright band on the well. After incubation with serum for
2 min, there was barely any degradation band, suggesting that
LPX improved the serum stability of mRNA. When incubated for
5 min, most of the LPX-mLMP2 remained in the well, while a
small amount of mLMP2 was released and degraded. Moreover,
the bands of LPX-mLMP?2 in the well became shallower over time,
and the degradation band almost disappeared. After incubation
for 1 h, LPX-mLMP2 was degraded.

The transfection activity study of LPX in the medium
with/without serum was performed in DC 2.4. As shown in Fig.
1(p), in the medium with serum, the transfection activity was
reduced from 70% to 60%. This may be due to the degradation of
mRNA under serum conditions, as well as the adsorption of
serum proteins onto the surface, reducing cellular uptake. Even so,
over 60% of cells were transfected, suggesting that LPs could
provide a protective effect of mRNA in vivo.

3.3 Cellular uptake of LPX

The cellular uptake of LPX was studied using mCy5. As shown in
Fig. 2(b), the uptake amount of LPX-mCy5 increased over time
and reached the maximum amount at 4 h. The mechanistic study
(Fig.2(c)) showed that filipin and chloropromazine could
significantly (p < 0.05 and p < 0.001) inhibit the uptake of LPX-
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mCy5, which meant that caveolin- and clathrin-mediated
pathways were involved in the cellular uptake of LPX-mCy5.

34 Antigen expression and presentation

The antigen expression of mLMP2 is shown in Fig. 2(d).
Untreated TC-1 cells were used as a control. The transfection
efficiencies of mLMP2 and blank LPs were similar to that of the
control. This was because mLMP2 was easily degraded and hardly
internalized into cells. Lipo-mLMP2 and LPX-mLMP2 had
transfection efficiencies of 84.3% and 66.5%, respectively, which
were higher than that of naked mLMP2. This suggested that the
cationic carriers could facilitate the expression of mLMP2.
However, although lipo showed better transfection efficiency than
LPs, it has large toxicity that cannot be applied in vivo. Antigen
expression was the crucial step of immunization because only
when the antigen was successfully expressed would it activate the
immunoreaction of the body. However, naked mRNA is
vulnerable to degradation in the presence of nucleases. Cationic
lipids such as DOTAP are efficient anchors to load mRNA into a
lamellar lipid matrix and improve protein expression.

Once the antigen is expressed in DCs, it is processed into
various immunogenic peptides. The peptides were then
complexed with the MHC molecules and presented to the surface
of the DCs for immune stimulation. In this study, an antigen
presentation study was performed using BMDCs. BMDCs were
differentiated with GM-CSF as described previously [39]. Before
the experiment, the BMDCs were cultured for 8 days. On the last
day, clumps of cell colonies could be observed under the
microscope, which indicated that the addition of GM-CSF
promoted the differentiation and the production of BMDC:s (Fig.
S1 in the Electronic Supplementary Material (ESM)). The purity of
BMDCs was 81.25%, and the positive rates of CD80* cells and
CD86" cells were low, indicating that the BMDCs were immature.
These BMDCs could be used for the antigen presentation study.
As there was no commercial detection reagent available for LMP2
epitopes, mMOVA was used as the model mRNA. The OVA CD8
epitope (SIINFEKL) is present in the context of MHC I H-2K® on
the surface of BMDCs [40]. As shown in Fig. 2(e), the presentation
of mOVA encapsulated in LPs was approximately 9%, which was
higher than that of naked mOVA. These results suggested that
LPX-mLMP2 could express mLMP2 in APCs and be presented on
the surface of APCs, which would further be recognized by
antigen-specific CTLs.

3.5 Biodistribution and LPX translation in vivo

To visualize the biodistribution of LPX, we prepared LPX-
mLMP2/DID and injected it intravenously into the mice. After
6 h, the tissues were isolated and observed. As shown in Fig. 3(a),
LPX-mLMP2/DiD accumulated in the liver, spleen, and lung. This
may be due to the passive targeting properties of the nanoparticles,
which were easily phagocytosed by the mononuclear macrophage
system. Meanwhile, LPX-mLUC was used to investigate the
translation efficiency in vivo through bioluminescence imaging. As
shown in Fig. 3(b), the expression of mLUC was predominantly in

LPX-mLUC

(a) Control LPX-mLMP2/DiD (b)  control
Heart
Liver
Spleen
Lung
Kidney

02
x10°

Figure3 LPX was distributed and expressed in the spleen. Representative
fluorescence images of biodistribution (a) and transfection in vivo (b) of LPX in
C57BL/6 mice after intravenous injection.
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the lung and spleen, and little was shown in the liver. This was
similar to another well-established lipid composition DOTMA
and  1,2-dioleoyl-sn-glycero-3-phosphoethanolamine ~ (DOPE)
[19]. The spleen plays an important role in immune regulation,
where the highest density of DCs exists. Thus, the expression of
antigen in DCs from the spleen was in favor of stimulating an
adaptive immune response in vivo.

3.6 Pharmacodynamic study

The vaccination effect of LPX-mLMP2 was studied in C57BL/6
mice. TC-1-GLUC-LMP2 cells, which highly express LMP2 (Fig.
S2 in the ESM), were used for the establishment of NPC tumor-
bearing mice. The mice were vaccinated with LPX-mLMP2 three
times at five-day intervals through intravenous injection (Fig.
4(a)). The dosage was 30 ug of mLMP2 for each mouse. During
the treatment, tumor volumes were monitored every three days.
As shown in Figs. 4(b) and 4(c), the tumor volume grew rapidly
when treated with saline and free mLMP2, indicating that the free
mRNA had almost no antitumor effect. As the tumor volumes for
the saline and free mLMP2 groups were too large, although the
mice were physically and mentally healthy, they were sacrificed
according to ethical guidance. After administration of LPX-mIR,
the growth of tumors was inhibited to some extent. This may be
due to the immunologic adjuvant effect of cationic liposomes,
which would enhance the body’s immune response [41].
Surprisingly, LPX-mLMP2 could significantly reduce the growth
of tumors and exhibited superior tumor immunotherapy effects.
On the fifth day of the last vaccination, the mice were harvested.
The spleen of each mouse was isolated and detected for
maturation. As shown in Fig. 4(d), the percentage of CD11c* DCs
for LPX-mLMP2 was significantly higher than those of the control
group and LPX-mIR group (p < 0.001). The MFI of CD86" DCs
was also significantly higher for LPX-mLMP2 (p < 0.001). These
results indicated that the expression and presentation of LPX-
mLMP2 stimulated the maturation of DCs in the spleen.
Meanwhile, the numbers of CD4" T cells and CD8" T cells from
inguinal lymph nodes were also increased (Fig. S3 in the ESM).
These results indicated that LPX-mLMP2 could mature DCs in
vivo and activate the proliferation of CD4" T cells and CD8" T cells
to kill tumor cells.

Limited to the detection method of LMP2-specific T cells, we
used mOVA to investigate the production of antigen-specific T
cells. OVA-expressing E. G7 cells were used to establish tumor-
bearing mice. The dosage regimen was similar to before (Fig.
5(a)). From the results (Fig. 5(b)), LPX-mOVA significantly (p <
0.001) inhibited tumor growth. It seemed that LPX-mOVA had a
better antitumor effect than LPX-mLMP2. This might be
attributable to different models. After TC-1-GLUC-LMP2
inoculation, tumor growth was very rapid. For humanitarian
consideration, mice in the control group and mLMP2 group had
to be euthanized 9 days before the end of treatment. For E. G7
tumor-bearing mice, the tumors showed steady growth.

The spleens were harvested to investigate antigen presentation
and antigen-specific T cells. As shown in Fig. 5(c), antigen
presentation of LPX-mOVA was detected in the spleen tissue (p <
0.05), indicating that LPX-mOVA could be expressed successfully
and presented the epitope in vivo. The numbers of activated OVA-
specific T cells in the spleen and tumor, which were pivotal for
killing tumor cells, were significantly higher (p < 0.001) in the LPX-
mOVA than in the control group (Figs. 5(d) and 5(e), and the
gating strategy for the analysis of antigen-specific CTLs is shown
in Fig. $4 in the ESM). These results proved that LP-DOTAP was
a favorable candidate carrier for delivering mRNA for the
treatment of cancer.

NPC has a complex TME, where CD4"* T cells and CD8"* T cells
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together comprise over half of the infiltrating lymphocytes [42].
Other immune cells, including B-lymphocytes, macrophages, and
natural killer cells, account for a small proportion. However, the
presence of immunosuppressive lymphocytes always results in a
failure to induce a strong antitumor immune response [43].
Several strategies have been developed to trigger antitumor
immune responses, including immunogenic cell death induced by
calcium ion nanomodulators [44] and increased tumor infiltrating
lymphocytes (TILs) [45]. In patients with NPC, a higher density of
TILs predicted a favorable free survival and overall survival rate
[46]. However, due to EBV infection and tumor cells, TILs in
NPC are highly activated and exhausted [47]. Thus, increasing the
accumulation of antigen-specific TILs in the tumor site is critical
for NPC. In our study, OVA-specific TILs were much more
increased in tumors. Combining the antitumor effect of LPX-
mLMP2 in an LMP2-expressing tumor model, LPX-mLMP2
appeared to be a valuable vaccine strategy for NPC
immunotherapy.

% £ % it
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In addition, the results also demonstrated the possible
immunization process for tumor immunotherapy. After LPX-
mLMP2 was injected into mice, it accumulated in the spleen and
expressed LMP2 in DCs. On the one hand, DCs could deal with
LMP2 and form the pMHC I-LMP2 epitope, which could be
recognized by CD8* T cells. On the other hand, LMP2 may be
expelled and reabsorbed by DCs, processed into the pMHC 11 -
LMP2 epitope and recognized by CD4" T cells. Then, CD4" T cells
and CD8' T cells differentiated and proliferated into LMP2-
specific CTLs. LMP2-specific CTLs recognize tumor cells
expressing the LMP2 antigen and kill them. These results showed
an efficient and accurate immunotherapeutic effect of LPX-
mLMP2.

3.7 Safety evaluation

The safety of LPX-mLMP2 was evaluated. The cytotoxicity assay
(Fig. 6(a)) showed that it was not cytotoxic to DC 2.4 when the
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Figure 6 LPX-mLMP2 had barely any cytotoxicity and was safe in mice. Cell viability of DC 2.4 cells after incubation with various concentrations of LPX-mLMP2
(a). Hemolysis analysis of LPX-mLMP2 (b). Body weight monitoring of tumor-bearing mice vaccinated with saline, mLMP2, LPX-mIR, and LPX-mLMP2 (1 = 6) (c).
Biochemical analysis of ALT, AST, TP, UA, and UREAL in tumor-bearing mice after three vaccinations (d). Organ index (e) and H&E images (f) of isolated tissues,
including the heart, liver, spleen, lung, and kidney of tumor-bearing mice after three vaccinations (scale bar = 200 um) (***p < 0.001).

concentration of LPX-mLMP2 was increased to 1 pM. In the
hemolysis experiment (Fig. 6(b)), after treatment with pure water,
the cells were completely hemolytic, and the solution was red and
clear with no erythrocyte precipitation at the bottom of the test
tube. However, when treated with saline and LPX-mLMP2, no
hemolysis phenomenon was observed, indicating that LPX-
mLMP2 had good blood compatibility.

To investigate the safety of LPX-mLMP2 in vivo, body weight
was monitored during the immunization process. As shown in
Fig. 6(c), the body weights were almost unchanged until the mice
were harvested. Five days after the third vaccination with LPX-
mLMP2, the blood samples were withdrawn. Biochemical assays
of ALT, AST, TP, UA, and UREAL were performed. ALT, AST,
and TP are always used in liver function tests, while UA and
UREAL indicate kidney function. In our study, all the groups
showed similar values as the control, suggesting that LPX-LMP2
had little hepatotoxicity and nephrotoxicity.

After vaccination, the tissues were isolated, weighed, and
examined via H&E staining. From Fig 6(e), there were no
significant changes in organ indexes, revealing that the organs had
not been damaged after vaccination. Moreover, the H&E staining
results (Fig. 6(f) showed that there were no obvious
histopathologic differences in the main organs. These data
demonstrated that LPX-mLMP2 was safe in vivo.

4 Conclusion

This was the first time that we reported mLMP2-encapsulated
cationic liposomes for the immunotherapy of NPC. The mRNA
vaccine could efficiently express and present LMP2 antigen in
vivo. After vaccination, boosting antigen-specific T cells can be

detected in the tumor site, which are the main force against NPC.
We have demonstrated that mRNA vaccination is a promising
strategy for the immunotherapy of virus-related cancer.
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