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Synthetic antigen-encoding mRNA plays an increasingly significant role in tumor vaccine technology ow-
ing to its antigen-specific immune-activation. However, its immune efficacy is challenged by inferior de-
livery efficiency and demand for suitable adjuvants. Here, we develop a novel mRNA nanovaccine based
on a multifunctional nanocapsule, which is a dual-adjuvant formulation composed of cytosine-phosphate-
guanine motifs loaded tetrahedral framework nucleic acid (CpG-tFNA) and an immunopeptide murine S-
defensin 2 (mDF28). This mRNA nanovaccine successfully achieves intracellular delivery, antigen expres-
sion and presentation of dendritic cells, and proliferation of antigen-specific T cells. In a tumor prophy-
lactic vaccination model, it exerts an excellent inhibitory effect on lymphoma occurrence through cellular
immunity. This mRNA nanovaccine has promising prophylactic applications in tumors and many other

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Nucleic acid vaccines, including DNA and RNA vaccines, have
shown enormous promise in disease prevention and treatment
[1,2]. Synthetic DNA or RNA is transported into cells, where they
are transcribed and translated to eventually form endogenous anti-
gen [3]. The pivotal advantage of nucleic acid vaccines is that they
preferentially activate cellular immunity rather than humoral im-
munity, owing to the activation of CD8* T cells derived from en-
dogenous antigen presentation [4]. This is particularly significant
to treating tumors and viral diseases [5,6].

Compared with DNA vaccines that may carry the risk of inser-
tion into host genes and resultant gene variation [7], mRNA vac-
cines are generally degraded after protein translation, which im-
plies superior biosafety [8]. Previous studies have highlighted the
merits of mRNA vaccines and achieved preliminary success against
various tumors and viral diseases, such as melanoma, prostate can-
cer, and COVID-19 [4,9].

However, extended application of mRNA vaccines remains chal-
lenged. mRNA is a long linear polymer of nucleotides and is nega-
tively charged, which leads to poor cell permeability without ve-
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hicle assistance [10,11]. Furthermore, the instability of synthetic
mRNA necessitates modifications with specific nucleic acids, such
as 5-methylcytidine [4]. Unfortunately, these modifications dimin-
ish the self-adjuvant effect of mRNA.

Although liposome based vehicles have been used for mRNA
delivery [10,12,13], these vehicles have several drawbacks, includ-
ing in vivo toxicity (especially liver toxicity) [3], lack of active selec-
tivity towards antigen-presenting cells, and difficulty in co-delivery
of multiple adjuvants [14]. Desirable vehicle/adjuvant formulations
with the following features are still under exploration [15]: (1)
enhancing mRNA delivery, (2) activating immunocytes (especially
antigen-presenting cells), (3) preferentially inducing cellular immu-
nity, (4) showing minimal in vivo toxicity.

Here, we report for the first time a dual-adjuvant multifunc-
tional nanocapsule composed of cytosine-phosphate-guanine mo-
tifs loaded tetrahedral framework nucleic acid (CpG-tFNA) and
murine PB-defensin 2 (mDF2g), for tumor prophylactic mRNA
nanovaccine. tFNA is an emerging three-dimensional vehicle with
excellent cell permeability and biosafety [16-24]. It drastically pro-
motes the intracellular delivery of various oligonucleotide thera-
peutics [25], such as a representative adjuvant CpG [26]. More-
over, mDF28 is a host defense peptide (HDP) that interacts with
Toll-like receptor 4 (TLR4) expressed by dendritic cells (DCs) and
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Fig. 1. Characterization of CpG-tFNA, dual-adjuvant nanocapsule, and mRNA nanovaccine. (a) Illustration of the synthesis process of CpG-tFNA, CpG-tFNA-mDF28 and FD-
mRNA (at the molar ratio of 1:300:1). (b) Analysis of the relative size of four ssDNAs and CpG-tFNA using 8% PAGE. (c) Analysis of the sequence length of four ssDNAs
and CpG-tFNA using HPCE. (d) AFM images of CpG-tFNA. Scale bar=20 nm. (e) Standard absorbance-concentration curve of mDF28. (f) Loading efficiency at different
CpG-tFNA/mDF2p ratios. (g) Particle size measurement of CpG-tFNA, CpG-tFNA-mDF23, FD-mOVA and FD-mEGFP using DLS. (h) ¢ potential measurement of CpG-tFNA,
CpG-tFNA-mDF2, FD-mOVA and FD-mEGFP using ELS. (i) TEM images of CpG-tFNA, CpG-tFNA-mDF2 8, FD-mOVA and FD-mEGFP. Scale bar =50 nm.

potentiates specific immunity [27-30]. mDF28 possesses positive
targeting because TLR4 is expressed on the cell membrane of DCs
[31], and it is positively charged that allows convenient combina-
tion with negatively charged mRNA and many other nanomaterials
[32].

The efficacy of the developed nanovaccine is assessed in vitro
using a DC2.4 cell model [33,34], and assessed in vivo using a
prophylactic vaccination model of ovalbumin (OVA)-positive T cell
lymphoma [10].

As previously reported [35,36], four single-stranded DNAs (ss-
DNAs) self-assembled to form CpG-tFNA within 30 min (Fig. 1a).
Increases in molecular weight and sequence length were detected

using 8% polyacrylamide-gel electrophoresis (PAGE) and HPCE, re-
spectively (Figs. 1b and c¢). In atomic force microscopy (AFM)
images, CpG-tFNA clearly demonstrated a tetrahedral framework
structure (Fig. 1d).

Based on electrostatic interactions, negatively charged CpG-
tFNA and positively charged mDF28 were combined to form a
dual-adjuvant nanocapsule CpG-tFNA-mDF2f. Negatively charged
mRNA was self-assembled onto the positively charged nanocap-
sule, to eventually form a dual-adjuvant mRNA nanovaccine (Fig.
1a).

According to the standard absorbance-concentration curve of
mDF2f (Fig. 1e), CpG-tFNA was combined with mDF28 (at the
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molar ratio of 1:300) with the loading efficiency >90% (Fig. 1f),
and finally combined with mRNA encoding OVA (mOVA) at the
molar ratio of 1:300:1. This ratio was determined in consider-
ation of the efficient concentration of mDF28 and the control-
lable fabrication of the nanovaccine. The particle size increased
from ~10 nm to ~120 nm (Fig. 1g) as measured using dynamic
light scattering (DLS). The ¢ potential increased from ~-10 mV to
~+3 mV (Fig. 1Th) as measured using electrophoretic light scatter-
ing (ELS). In transmission electron microscopy (TEM) images (Fig.
1i), whereas CpG-tFNA typically demonstrated a triangle structure,
the nanocapsule CpG-tFNA-mDF28 and mOVA nanovaccine (FD-
mOVA) both demonstrated a spherical structure with an enlarged
diameter. CpG-tFNA-mDF28 could also be combined with mRNA
encoding enhanced green fluorescent protein (mEGFP), and the re-
sultant FD-mEGFP yielded a TEM image similar to FD-mOVA.

Furthermore, mDF2f could be directly combined with mOVA
(300:1), and the resultant single-adjuvant nanovaccine D-mOVA
demonstrated a chain-like structure in the TEM image (Fig. S1 in
Supporting information). The photographs of CpG-tFNA, D-mOVA
and FD-mOVA solutions (Fig. S2 in Supporting information) sug-
gested that these products were relatively stable.

In summary, fabricated using an efficient strategy of tem-
perature control and electrostatic interactions, our dual-adjuvant
mRNA nanovaccine was mildly positively charged and approxi-
mately 120 nm in diameter. mRNA vaccine principally necessitates
intracellular expression of the desired antigen. Here, mEGFP was
delivered alone or with the nanocapsule CpG-tFNA-mDF2p3, and
the expression level of EGFP was assessed. Using confocal imag-
ing (Fig. 2a) and quantitative flow-cytometry analysis (Fig. S3 in
Supporting information), it was found that both D-mEGFP and FD-
mEGFP led to successful expression of EGFP manifested by green
fluorescence, whereas mEGFP alone was largely ineffective.

Furthermore, compared with D-mOVA, FD-mOVA elicited supe-
rior cell migration (Fig. 2b, statistical results in Fig. 2e) as assessed
using the scratch test, and superior cell viability (Fig. 2f) as mea-
sured using Cell counting kit-8 (CCK-8). In terms of cellular mor-
phology as assessed by optical microscopy (Fig. 2c) and SEM (Fig.
2d), both D-mOVA and FD-mOVA led to a relatively irregular cel-
lular configuration with synapse-like features, which clearly indi-
cated DC maturation.

Next and more importantly, essential biomolecules for anti-
gen presentation were investigated, including secreted cytokines,
co-stimulatory molecules, and antigen-MHC-1 complex. Compared
with D-mOVA, FD-mOVA elicited increased secretion of C-C mo-
tif ligand (CCL)-18, a chemokine for lymphocytes, and IL-12 (p70),
which induces cellular immunity (Fig. 2g), as revealed by enzyme-
linked immunosorbent assay (ELISA). Notably, both D-mOVA and
FD-mOVA exerted a minimal effect on proinflammatory tumor
necrosis factor (TNF)-« and interleukin (IL)-18 secretion (Fig. 2g).

Proinflammatory cytokine secretion is previously regarded as an
indication of antigen-presenting cell maturation and adaptive im-
munity initiation [10,11]. However, a recent study has suggested
that the adverse effect of TNF-o-caused non-specific immunity
may outweigh its positive modulatory effect on adaptive immu-
nity [37]. Therefore, the homeostasis of proinflammatory factors
in our results is considered beneficial to the balance of efficacy
and toxicity of the mRNA nanovaccine. This balance is possibly at-
tributed to the biocompatibility of tFNA [16,35,38,39] and the bidi-
rectional modulation effect of mDF283 [28]. HDPs are capable of
both anti-inflammation and proinflammation, which is dependent
on the synergistic effect of other biomolecules and the degree of
immunocyte activation [29,32].

Moreover, compared with D-mOVA, FD-mOVA elicited improved
expression of the co-stimulatory molecules CD40 and CD86, and
the antigen-MHC-1 complex H-2kP SIINFEKL (OVAy57_264) (~29% to
~37%, ~37% to ~44%, ~35% to ~41%, respectively) (Fig. 2h). This
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lays the foundation for DC-T cell interactions and antigen presen-
tation.

In summary, FD-mOVA could stimulate the in vitro maturation
and antigen presentation of DCs more efficiently than D-mOVA,
whereas mOVA without any vehicle was ineffective.

Based on the aforementioned in vitro results, we next assessed
the in vivo immune response to single injection of the mRNA
nanovaccine. A fundamental principle for mRNA vaccination is
preferential enrichment in immunity-relevant organs, such as the
spleen [40]. Using fluorescent Cy5-mEGFP for in vivo imaging, we
found that the mRNA nanovaccine gradually dispersed throughout
the whole body from the liver 5 min after intraperitoneal injec-
tion (Fig. 3a). Twelve hours post-injection, luminescence analysis of
separated organs showed that D-Cy5-mEGFP and FD-Cy5-mEGFP,
but not Cy5-mEGFP without any vehicle, selectively accumulated
in the spleen (Fig. 3a).

We next explored the proliferation of OVA-specific CD8* T cells
that are essential for cellular immunity. Five days post-vaccination,
splenocytes were collected with a desirable live cell percentage
(Fig. S4 in Supporting information) and analyzed. In contrast with
D-mOVA, FD-mOVA elicited a higher percentage of OVA-specific
CD8* T cells in splenic lymphocytes (~5.6% to ~7.6%, representa-
tive flow-cytometry results in Fig. 3b, statistical results in Fig. 3d).
Seven days post-vaccination, analysis of peripheral blood cells also
demonstrated a higher percentage of OVA-specific CD8" T cells in
peripheral lymphocytes in response to FD-mOVA (~4.2% to ~6.5%,
representative flow-cytometry results in Fig. 3c, statistical results
in Fig. 3e).

We also assessed the body temperature of mice 12 h post-
injection (Fig. 3f), which was rarely noticed in previous studies.
The body temperature of all the mice treated with the mRNA
nanovaccine remained at approximately 37 °C, suggesting that the
mRNA nanovaccine was relatively biosafe with minimal likelihood
of systemic inflammation.

Theoretically, mRNA vaccines are effective for both tumor treat-
ment and prevention [4]. mRNA vaccines used for tumor treat-
ment necessitate the synergistic effect of other therapeutics such
as anti-PD-1 antibody [10,12], and immunotherapy is still an al-
ternative strategy to traditional chemotherapeutics. We suppose
that mRNA vaccines are preferentially promising for tumor preven-
tion, based on the concept that prevention is better than cure [41].
Here, we used a prophylactic vaccination model of OVA-positive T
cell lymphoma to determine the tumor prophylactic efficacy of the
developed mRNA nanovaccine. All animal experiments were ap-
proved and strictly conducted following the guidelines of the Ani-
mal Ethics Committee of Sichuan University.

Following the time scheme in Fig. 4a, the tumor volume curve
within 19 days was recorded (Fig. 4b). Both D-mOVA and FD-mOVA
suppressed tumor growth compared with the control (representa-
tive photographs of tumor size on day 9 in Fig. 4e). More specifi-
cally, the average tumor occurrence was delayed from ~8 days to
~15 days (Fig. 4c), and the average tumor weight at the end of
observation was decreased to ~40% (statistical results in Fig. 4d,
photographs of all the isolated tumors in Fig. 4f).

Subsequently, all the mice were sacrificed on day 19 for his-
tological assessment, which was rarely reported in the literature.
First, hematoxylin-eosin (H&E) staining was used to assess the de-
gree of tumor death (Fig. S5a in Supporting information). The con-
trol group exhibited typical pathological mitosis (yellow arrows)
with an inapparent degree of tumor necrosis and apoptosis; the
mOVA group showed similar features (yellow arrows). In compar-
ison, the D-mOVA group demonstrated a higher degree of tumor
apoptosis (blue arrows), and the FD-mOVA group showed a higher
degree of both apoptosis (blue arrows) and necrosis (red arrows;
~10% folds vs. control). Furthermore, FD-mOVA elicited an optimal
degree of apoptosis demonstrated by TdT-mediated dUTP Nick-End
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Fig. 2. In vitro maturation and antigen presentation of DCs. (a) Confocal images of nucleus (stained by Hoechst 33342, blue fluorescence) and EGFP (green fluorescence), and
three-dimensional thermal images of EGFP. Scale bar=20 pm. (b) Representative results of cell migration assessed by the scratch test. (c) Cellular morphology observation
using optical microscopy. Scale bar =10 pm. (d) Cellular morphology observation using SEM. Scale bar =10 um. (e) Statistical analysis of cell migration (n=3). (f) Cell viability
assessed by CCK-8 (n=3). (g) Quantitative analysis of cytokine secretion of CCL-18, IL-12 (p70), IL-18 and TNF-« by ELISA (n=4). (h) Quantitative analysis of CD40 (n=3),
(D86 (n=3) and H-2k" SIINFEKL (n=3) using flow-cytometry and representative flow-cytometry results.

labeling analysis (Fig. S5b in Supporting information, white arrows,
~10 folds vs. control) and caspase-3 immunohistochemical analy-
sis (Fig. S5c¢ in Supporting information, green arrows, ~9 folds vs.
control).

Importantly, CD8 immunohistochemical analysis revealed that
FD-mOVA elicited optimal infiltration of CD8* cells (Fig. S5d in
Supporting information, gray arrows, ~16 folds vs. control), which

explains the optimal tumor-prophylactic effect of FD-mOVA. Taken
together, these results suggest that FD-mOVA carries the high-
est likelihood of prolonging the survival of tumor-bearing mice
[42,43].

H&E staining was also used to determine the systemic toxic-
ity of our mRNA nanovaccine (Fig. S6 in Supporting information).
There was no obvious change in the histological feature of the



Y. Liu, S. Li, S. Lin et al.

a 5 min

FD-Cy5-mEGFP D-Cy5-mEGFP  Cy5-mEGFP

Heart Liver

00% !

CD8 —
CD8 —

1
00% |

1
0.0% !

cDg -
19
{3
o _3_
CD8 —

OVA-specific (%)
o o
OVA-specific (%)

00““°\ oV Ao_mo\l ); D-ﬂ‘O\J A

0
cor\\‘o\ ooV AD

_mo\’ ’;‘D-ﬂ\o\J B

Chinese Chemical Letters 34 (2023) 107987

12h
T High
| Low

Spleen Lung Kidney
T »
3
O «
T ! T 1
A% | ‘ | 65% |
|OVA-specific| | |OVA-specific
{ | H !
= | H )
4 @ ) 2, ]
E —————— 4 )‘\ —————— 4
T .3 T4
] $ D-mOVA = & | FD-mOVA
O ¢l amamesy e end O R AN
OVA—
f P>0.99

w
[
=]

w
N
0

w
L
o

Body temperature (°C)
w
~
o

36.0
con® oV P\D‘mo\l %\ D_mo\l A

Fig. 3. Biodistribution imaging and immune response of single injection of the mRNA nanovaccine. (a) In vivo biodistribution imaging 5 min post-vaccination and isolated
organ imaging (heart, liver, spleen, lung, and kidney) 12 h post-vaccination. (b) Representative flow-cytometry results of OVA-specific CD8* T cells in splenic lymphocytes 5
days post-vaccination. (c) Representative flow-cytometry results of OVA-specific CD8* T cells in peripheral lymphocytes 7 days post-vaccination. (d, e) Quantitative analysis
of OVA-specific CD8* T cells in splenic lymphocytes (n=3) and peripheral lymphocytes (n=3), respectively. (f) Quantitative analysis of the body temperature 12 h post-

vaccination (n=3).

heart, liver, lung, or kidney, which implied the superior in vivo
biosafety of our mRNA nanovaccine, while liposome vehicles may
cause liver damage according to the literature [5]. In addition, the
developed nanocapsule is believed to be biodegradable because
mDF2p is an endogenous biomolecule and tFNA based nanostruc-
tures are typically subjected to renal clearance [16,44].

To the best of our knowledge, this is the first study to report
a dual-adjuvant nanocapsule CpG-tFNA-mDF28 for mRNA vaccina-
tion, which is reasonably designed, multifunctional, and biosafe.
The mechanism of action of this mRNA nanovaccine in tumor pre-
vention is summarized in Scheme S1 (Supporting information).
This nanovaccine is internalized by DCs wherein it promotes DC
maturation. Matured DCs migrate for antigen presentation to T
cells, together with cytokine secretion and expression of costim-
ulatory molecules. Activated antigen-specific CD8* T cells migrate
peripherally and infiltrate early tumor tissues, recognize and attack
tumor cells, and finally inhibit tumor occurrence and growth. This

nanovaccine demonstrates superior prophylactic efficacy compared
with its single-adjuvant counterpart, whereas mRNA without a ve-
hicle hardly achieves immune function.

Notably, our nanovaccine design provides an example for how
mRNA is located outside the whole vaccine rather than being in-
corporated inside. Traditional vehicles, such as liposomes, deliver
mRNA in an encapsuled form [3]. This typically ensures the stabil-
ity of “vulnerable” mRNA under complex physiological conditions.
However, a preliminary concern is that an overprotective effect ex-
erted by vehicles may impede free interactions between mRNA and
transcription-related molecules, thus suppressing mRNA transcrip-
tion [4]. Since the developed nanovaccine proves effective, we be-
lieve that it is an invaluable topic to weigh the “sheltered” and
“naked” condition for mRNA delivery in future studies. Regarding
the “naked” concept reported here, it is worth further integration
with the concept of “dynamic release” [45,46] for optimized in-
teractions between mRNA and transcription-related molecules. For-
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Fig. 4. Observation of the prophylactic vaccination model of OVA-positive T cell lymphoma. (a) Time scheme of the prophylactic vaccination model. (b) Tumor volume
measurement after tumor inoculation (n=5). (c) Comparison of the average time for tumor occurrence (n=>5). (d) Comparison of the weight of isolated tumor tissues at
the deadline of observation (n=5). (e) Representative photographs of in vivo tumor size on day 9. (f) Photographs of isolated tumor tissues at the deadline of observation

(n=5).

tunately, both tFNA [45,47] and HDP [48] can be designed with
stimuli-responsiveness to physiochemical conditions (such as pH)
or biomarkers, which provides opportunities for intracellular dy-
namic release of mRNA.

In conclusion, our tFNA based multifunctional nanocapsule pro-
vides a promising platform for prophylactic mRNA vaccination, for
tumors diseases (such as melanoma and prostate cancer) and viral
diseases (such as HIV and COVID-19).
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