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Virus-Mimic mRNA Vaccine for Cancer Treatment
Chaoyang Meng, Zhe Chen, Junhua Mai, Qing Shi, Shaohui Tian, Louis Hinkle, Jun Li,
Zhe Zhang, Maricela Ramirez, Licheng Zhang, Yitian Xu, Jilu Zhang, Ping-Ying Pan,
Shu-Hsia Chen, Hangwen Li, and Haifa Shen*

An effective therapeutic cancer vaccine should be empowered with the
capacity to overcome the immunosuppressive tumor microenvironment.
Here, the authors describe a mRNA virus-mimicking vaccine platform that is
comprised of a phospholipid bilayer encapsulated with a protein-nucleotide
core consisting of antigen-encoding mRNA molecules, unmethylated CpG
oligonucleotides and positively charged proteins. In cell culture, VLVP
potently stimulated bone marrow-derived dendritic cells (BMDCs) to express
inflammatory cytokines that facilitated dendritic cell (DC) maturation and
promoted antigen processing and presentation. In tumor-bearing mice, VLVP
treatment stimulated proliferation of antigen-specific CD8+T cells in the
lymphatic organs and T cell infiltration into the tumor bed, resulting in potent
anti-tumor immunity. Cytometry by time of flight (CyTOF) analysis revealed
that VLVP treatment stimulated a 5-fold increase in tumor-associated
CD8+DCs and a 4-fold increase in tumorinfiltrated CD8+T cells, with
concurrent decreases in tumor-associated bone marrow-derived suppressor
cells and arginase 1- expressing suppressive DCs. Finally, CpG oligonucleotide
is an essential adjuvant for vaccine activity. Inclusion of CpG not only
maximized vaccine activity but also prevented PD-1 expression in T cells,
serving the dual roles as a potent adjuvant and a checkpoint blockade agent.

1. Introduction

Eversince successful demonstration of protein expression from
in vitro-transcribed messenger RNA (IVT mRNA),[1,2] there
has been growing interest in applying mRNA for therapeutic
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interventions.[3] Advances in RNA technol-
ogy such as codon optimization, nucleotide
modification, and large-scale production
have allowed speedy clinical application of
mRNA-based therapeutic agents.[4,5] The
advantage is highlighted by the recent suc-
cess of vaccines against the SARS-CoV-2
virus, as the first two vaccines approved
by the US Food and Drug Administra-
tion (FDA) for prevention of COVID-19 are
both mRNA-based and the overall devel-
opment process was completed within 12
months.[6,7] It is anticipated that the enthu-
siasm will quickly spread to other areas of
research and development including ther-
apeutic cancer vaccine,[8] an area that has
shown potential in recent clinical trials.[9,10]

In contrast to vaccines for most infec-
tious diseases that rely mainly on anti-
bodies to exert their protective activities,
a therapeutic cancer vaccine functions by
stimulating Th1-biased activities including
proliferation of antigen-specific cytotoxic
CD8+ T lymphocytes.[11,12] Since a growing
tumor secretes a large quantity of cytokines
and chemokines that trigger release of

immature myeloid-derived suppressor cells (MDSCs) from the
bone marrow, the body is overwhelmed with immunosuppres-
sive cells which produce Th2-biased cytokines, creating a vi-
cious cycle to dampen the body’s immune system.[13,14] Thus,
an effective therapeutic cancer vaccine should be capable of
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overcoming the immunosuppressive tumor microenvironment
and promoting potent Th1-biased immune responses. This is
on top of a special requirement for mRNA vaccines to pro-
tect mRNA from degradation and to facilitate cell entry of the
negatively charged mRNA molecules. Interestingly, liposome-
based lipid nanoparticles (LNPs) have been chosen as the de-
livery vehicle for the above-mentioned FDA-approved mRNA
vaccines. LNPs have originally been developed for delivery of
other forms of nucleotides such as small interfering RNAs, and
usually contain both ionizable cationic lipids and non-charged
phospholipids.[15,16] Although a LNP-based mRNA vaccine can
also elicit a certain level of Th1 T cell response,[17] it is not known
whether such activity is potent enough to mount strong anti-
cancer immune responses. So there is a need to explore new plat-
forms for therapeutic mRNA vaccines.
Viruses have been successfully applied to promote cancer

immunotherapy,[18,19] and dendritic cells (DCs) sit in the center
of anti-tumor immune responses serving as the key linker be-
tween innate and adaptive immune responses.[20,21] The body is
well equipped to fight against pathogens, and a viral infectionwill
mobilize DCs to the infection site and initiate robust immune
responses to destroy the infected cells. Interaction between the
pathogen-associated molecular patterns (PAMPs) from the virus
and their corresponding pattern-recognition receptors in the DC
not only stimulatesDCmaturation but also promotes secretion of
type I interferons (IFN-I) and Th1-biased inflammatory cytokines
that prepare the microenvironment for CD8+ T cell stimulation.
Many pathogen-derived PAMPs have been identified such as the
viral double-stranded RNA, viral single-stranded RNA, and CpG
DNA, and have served as important immunostimulants in cancer
vaccine development.[22,23]

In this study, we designed a virus-like vaccine particle (VLVP)
that resembled a cancer-fighting virus both in structure and in
activity. A single-stranded mRNA virus is usually composed of
a core that contains negatively charged mRNA molecules and
positively charged ribonucleoproteins in a well-defined structure
surrounded by a lipid bilayer.[24] To mimic the core structure,
we mixed the antigen-encoding mRNAmolecules with positively
charged protamine. The mRNA-protamine core was then coated
with a lipid bilayer formed by both ionizable and non-charged
phospholipids. In order to provide potent vaccine activity, we
screened a group of toll-like receptor (TLR) ligands and identified
one that showed synergywith the particle in stimulating IL-12p70
and TNF-𝛼 secretion by DCs. Previous studies by us and others
have demonstrated that IL-12p70 and TNF-𝛼 levels are essential
for DCmaturation and for mounting potent anti-tumor immune
responses.[25–27] We applied the VLVP to treat a murine tumor
model, and demonstrated strong CD8+ T cell activation. In addi-
tion, vaccination triggered modification of the tumor microenvi-
ronment that favored anti-tumor immune responses. Finally, we
delineated underlying mechanism of VLVP-mediated anti-tumor
immunity.

2. Results

2.1. VLVP Potently Activates DC Maturation

As the first step to build a VLVP, we mixed eGFP or ovalbu-
min (OVA)-encoding mRNA molecules with positively charged

protamine and then encapsulated the mRNA/protamine core
with a lipid shell comprised of cationic lipid EDOPC, helper
lipid DOPE, and PEGylated lipid DSPE-PEG2k (Figure S1a, Sup-
porting Information). The core was slightly negatively charged
and the final mRNA nanoparticles (mRNA NPs) were positively
charged (Figure S1b, Supporting Information). In both cases,
encapsulation efficiency was around 80% (Figure S1c, Support-
ing Information), and the encapsulation process condensed the
core (Figure S1d, Supporting Information). Transmission elec-
tron microscopy (TEM) revealed a fine core/shell structure of
the OVA mRNA NP, and the mRNA/protamine core was more
densely stained than the phospholipid bilayer (Figure S1e, Sup-
porting Information). The mRNA molecules could be effectively
translated once eGFP mRNA NP was applied to treat DC2.4 den-
dritic cells, as indicated by fluorescent eGFP protein in the cells
(Figure S1f,g, Supporting Information). However, the mRNA
NPs could not effectively stimulate DCs based on limited level
of changes in DC maturation markers and lack of inflammatory
cytokine expression (Figure S1h–j, Supporting Information). The
results indicated that an additional PAMPwould be needed to ac-
tivate DC.
PPRs have often served as targets of new vaccine adju-

vants, and TLR7 and TLR9 are implicated in viral nucleic acid
sensing.[28,29] Among the TLR ligands, unmethylated CpG
oligonucleotide (CpG), frequently identified in bacteria and
viruses,[30] can potently stimulate TLR9/MyD88 signaling that
leads to overexpression of downstream cytokines such as IFN-𝛽
and IL-12p70.[31] CL307 and imiquimod are synthetic nucleotide
analogs that potently stimulate TLR7 activity.[32] Both CpG
and CL307 potently stimulated dose-dependent expression of
IL-12p70 and TNF-𝛼 in BMDCs, and CpG was more potent
than CL307 at the low concentration range. Interestingly, im-
iquimod did not promote a high level expression of either
cytokine (Figure S2, Supporting Information). Based on the
result, we prepared VLVP by incorporating CpG into mRNA NP
(Figure 1a). Gel electrophoresis analysis revealed stable for-
mation of the mRNA/protamine cores when mRNA/CpG was
within a 1/0.25 to 1/1 ratio (w/w) (Figure 1b), and size, surface
charge and encapsulation efficiency of the resulting VLVPs
remained in a close range (Figure 1c–e). TEM analysis revealed
well-defined VLVPs with a densely stained core and a lightly
stained lipid shell (Figure 1f). We detected a positive correlation
between CpG content in the mRNA core and DC maturation
based on cell surface CD40, CD80, and CD86 expression levels
(Figure 1g–i). In addition, high CpG content significantly raised
IL-12p70 and TNF-𝛼 expression levels (Figure 1j,k). Based on
the results, we concluded that VLVP stimulated DC maturation.
VLVPs with a 1:1 CpG-to-mRNA ratio (w/w) were chosen for all
further studies.

2.2. VLVP Promotes Antigen Presentation and Cytokine Secretion

We packaged eGFP-encoding mRNA molecules into the opti-
mized VLVP platform and examined particle uptake by DC2.4
cells and BMDCs followed by gene expression and antigen
presentation. Fluorescent microscopy detected cells with strong
eGFP expression, and flow cytometry revealed comparable rate
of expression after cells were treated with mRNA NP or VLVP
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Figure 1. Design, characterization and optimization of VLVP. a) Schematic view of VLVP preparation procedure. b) Agarose gel electrophoresis to show
that the mRNA molecules were retained in the loading well once they were packaged in the core. VLVPs containing 0.25, 0.5 and 1 µg CpG are named
as VLVP0.25, VLVP0.5, VLVP1.0. c–e) Characterization of mRNA NPs and VLVPs based on particle size, zeta potential, and encapsulation efficiency.
Samples were triplicated. f) TEM image of 2 VLVP particles. The mRNA core was densely stained and a thin layer of phospholipid surrounding the core
was lightly stained. Scale bar: 100 nm. g–i) Flow cytometry analysis on DC surface markers after BMDCs were treated with mRNA NP or VLVPs for 16
hours. MFI: mean fluorescent intensity. Samples were triplicated. j,k) ELISA assay measurement of IL-12p70 and TNF-𝛼 levels in BMDC cell culture after
cells were treated with particles for 18 hours. Samples were triplicated. Error bars represent the mean +/– s.e.m.

(Figure 2a–c). To determine antigen processing and presentation,
we treated BMDCs with OVA-encoding mRNA NP or VLVP.
VLVP treatment significantly raised MHC class I molecule
(MHCI) expression over mRNA NP, and the contribution was
most likely from CpG in VLVP since the mRNA-free vehicle also
promoted MHCI expression (Figure 2d). MHCI expression is a
relevant parameter since mRNA-derived antigen epitope is pre-
sented through the protein.[33] In addition, BMDCs treated with
VLVP displayed 20% increase in OVA-MHCI level compared
with those treated with mRNA NP (Figure 2e). Interestingly,
both CpG and mRNA in VLVP contributed to inflammatory
cytokine expression. While mRNA NP treatment did not stim-
ulate IL-6 expression in BMDCs, treatment with mRNA-free
vehicle promoted expression of the cytokine and VLVP treatment
further raised IL-6 level (Figure 2f). It is well documented that

IL-6 plays an important role in regulating DCs and T cells
differentiation.[34,35] A similar trend was observed in expres-
sion of IFN-𝛽, a key cytokine in the innate immune sensing
pathway,[36] although mRNA NP treatment alone stimulated a
low but significant level of cytokine expression over the PBS
control (Figure 2g).
Based on these observations, we performed deep RNA se-

quencing analysis after BMDCs were treated with mRNA NP
or VLVP, and systemically analyzed global gene expression.
Gene set enrichment analysis detected high expression of genes
involved in inflammatory response after treatment with VLVP
(Figure 2h), and gene expression heat map showed a group of
overexpressed cytokines and chemokines in cells treated with
VLVP (Figure 2i). On top of IL-6, IL-12, and TNF-𝛼, the list also
included genes encoding additional inflammatory interleukins
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Figure 2. Antigen presentation and cytokine secretion after mRNA NP or VLVP treatment. a) Fluorescent microscopic images of DC2.4 cells treated with
mRNA NP or VLVP carrying eGFP-encoding mRNA. Cells with eGFP expression carry dense green fluorescence. Scale bars: 200 µm. b,c) Flow cytometry
analysis on eGFP-expressing cells after DC2.4 and BMDC were treated with mRNA NP or VLVP. PBS served as the negative control for mRNA NP,
and the mRNA-free vehicle was negative control for VLVP. Samples were triplicated. d) Flow cytometry analysis on MHCI expression after BMDC were
treated with OVA-encoding mRNANP or VLVP. Samples were triplicated. e) Flow cytometry analysis on H-2kb-OVA257–264 presentation in BMDCs after
cells were incubated with VLVP or controls for 18 hours. f,g) Cytokine secretion in BMDCs after treatment with VLVP or controls for 18 hours. Samples
were triplicated. h) Gene set enrichment analysis (GSEA)-enrichment plot of genes associated with inflammatory response. BMDCs were treated with
VLVP or mRNA NP for 16 hours, and cells were collected for RNA sequencing analysis. i) Heat map showing a list of genes encoding inflammatory
cytokines/chemokines. Z score was applied to describe the relative gene count. Error bars represent the mean +/– s.e.m. *: p<0.05; **: p<0.01; ***:
p<0.001; ****: p<0.0001.
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(IL1A and IL1B), C-C motif chemokine ligands (CCL2, CCL7,
and the IFN-𝛽-regulated cytokine CCL-5), TNF-related proteins
(NFKB1A encoding the NF-𝜅B p105 subunit and TNFRSF9 en-
coding CD137), and DC and T cell activation markers (CD40 and
CD69). It is interesting to note that CD137 is a co-stimulatory im-
mune checkpointmolecule and serves as an activationmarker.[37]

Our results have clearly indicated that VLVP effectively promoted
antigen presentation and inflammatory cytokine secretion.

2.3. VLVP Stimulates T Cell Activation in Lymphatic Organs

mRNA NPs and VLVPs encapsulated with an equal amount of
OVA-encoding mRNA were applied to treat mice bearing pri-
mary B16OVA tumors, and anti-tumor immune responses were
examined. In line with in vitro results, VLVP treatment raised in-
flammatory cytokine levels in the lymph nodes, while mRNA NP
treatment had little effect (Figure 3a,b). Surprisingly, bothmRNA
NP and VLVP could promote T cell activation in the lymph nodes,
determined based on the percentage of CD44+ cells, although
activated CD8+ T cell level was significantly higher in the VLVP
treatment group than the mRNA NP group (Figure 3c). CD44
is a T cell activation marker and is crucial for tumor infiltration
of T lymphocytes.[38] ELISpot assay and flow cytometry analysis
corroborated with the finding. While both mRNA NP and VLVP
raised IFN-𝛾-secreting cells in the lymph nodes, number of
IFN-𝛾-secreting cells was much higher in the VLVP treatment
group (Figure 3d–f). In addition, VLVP treatment, but not mRNA
NP treatment, stimulated proliferation of OVA antigen-specific
CD8+ T cells (Figure 3g). A similar pattern was observed in
splenocytes (Figure 3h–k). Taken together, VLVP activated anti-
specific CD8+ T cells to promote anti-tumor immune responses.

2.4. VLVP Facilitates Tumor Infiltration of T Cells and Inhibits
Tumor Growth

Anti-tumor activity was also evaluated in mice with primary
B16OVA tumors, and significant inhibition of tumor growth
was observed in mice vaccinated with VLVP, but not with mRNA
NP (Figure 4a,b). Flow cytometry analysis of post-treatment
tumor samples showed that, while mRNA NP treatment only
moderately stimulated IFN-𝛾+CD8+ T cells in the tumor, VLVP
treatment significantly enriched total CD8+ T cells and dramat-
ically raised IFN-𝛾+CD8+ T cell level over both vehicle control
and mRNA NP (Figure 4d,e). In line with the finding, we de-
tected a significant higher number of IFN-𝛾-secreting cells in
the post-VLVP treatment tumor samples than other treatment
groups based on ELISpot assay (Figure 4e,f). Histological anal-
ysis revealed that comparing to the control groups, both mRNA
NP and VLVP treatments caused tumor infiltration of CD3+ T
lymphocytes, and there were more T cells on the edge of the
tumors than inside the tumor bed in both groups (Figure 4g).
Quantitative analysis indicated that VLVP was more effective
than mRNA NP in facilitating tumor infiltration of T cells (Fig-
ure 4h,i). Correlatively, VLVP treatment was more effective in
triggering cell death, and consequently leaving less proliferating
tumor cells in the tissue (Figure 4g,j,k). The results demonstrate
the power of VLVP in mediating anti-tumor immune responses.

2.5. VLVP Treatment Modifies the Tumor Microenvironment

To further evaluate anti-tumor immune responses from the
therapeutic agents, we applied time-of-flight mass spectrome-
ter (CyTOF) to systemically analyze subtypes of bone marrow-
derived cells in post-treatment tumors. Cells were properly gated,
and subpopulations were grouped based on their respective
surface markers (Figure S3, Supporting Information). Overall,
CD45+ cells accounted for 80–85% all live cells in each sample
(Figure S4a, Supporting Information). We observed significant
differences on DCs, T cells, and myeloid cells between the VLVP
treatment group and the control groups (Figure 5a). One obvious
difference was the VLVP treatment group had fivefold as many
CD8𝛼+ DCs as in the rest groups (Figure 5b,e). This DC sub-
type is known for its essential role in cross-presentation and in
producing IL-12.[39,40] However, it is also generally accepted that
CD8𝛼+ DCs are tissue residential DCs.[40] The result indicates
that VLVP treatment might have promoted proliferation of these
cells. In addition, VLVP treatment caused an 80% drop in Arg-
1+CD11b+ DC level compared to the vehicle control (Figure S4b,
Supporting Information). It has been previously reported that
the arginase-1-expressing CD11b+ regulatory DCs could inhibit
T cell responses.[41] Eliminating this cell population may provide
another route to boost immune responses. Furthermore, VLVP
treatment also promoted DC maturation inside the tumor, indi-
cated by increased expression levels of CD80, CD86, and MHCI
in CD103+ and CD8+ DCs (Figure S4c, Supporting Information).
Changes in T cells were across the board in the VLVP treat-

ment group (Figure 5c), and magnitude of changes was bigger
with CD8+ T cells than CD4+ T cells (Figure 5f,g). There was
a fourfold increase in CD8+ T cells comparing to less than
1.5-fold increase in CD4+ T cells in the VLVP treatment group
over the PBS control group. In comparison, mRNA NP treat-
ment only brought a minimal level of CD8+ T cell increase,
although the change was still statistically significant (Figure 5g).
Importantly, number of Ly6C+CD8+ T cells doubled in the
VLVP treatment group over the vehicle control group (Figure
S4c,d, Supporting Information). A recent study demonstrated
this subpopulation of CD8+ T cells had a much higher cancer
cell-killing activity than the Ly6C−CD8+ T cells.[42] In addition,
VLVP treatment caused dramatic decrease in tumor-associated
myeloid cells (Figure 5d,h). It has been well documented that the
poorly differentiated myeloid cells produce a large quantity of
immunosuppressive cytokines and reactive oxygen species that
can dampen anti-tumor immunity.[13,14] Eliminating these cell
types is expected to benefit therapeutic efficacy from anti-tumor
agents. These results strongly support the notion that VLVP
treatment modifies the tumor microenvironment and facilitates
anti-tumor immune responses.

2.6. CpG Contributes to Checkpoint Blockade Activity in VLVP

The observation that mRNA NP treatment could significantly
raise tumor-infiltrated T lymphocyte (TIL) levels and generate
IFN-𝛾+CD8+ T cells, although the magnitude was still much
lower than in the VLVP treatment group, but did not display
any meaningful inhibition of tumor growth was puzzling (Fig-
ure 4). To understand the underlying mechanism, we compared

Adv. Therap. 2021, 4, 2100144 2100144 (5 of 12) © 2021 The Authors. Advanced Therapeutics published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.advtherap.com


www.advancedsciencenews.com www.advtherap.com

Figure 3. Stimulation of T cell proliferation in lymphatic organs. a,b) IL-6 and TNF-a levels in lymph node (LN) cell suspension after cells were challenged
with 10 µg/ml OVA257–264 peptide ex vivo for 24 hours. n=4/group. c) Flow cytometry measurement of CD44+ T cells in LN. n=4/group. d,e) ELISpot
measurement on IFN-𝛾-spot-forming cells after LN cells were challenged ex vivo with SIINFEKL peptide for 24 hours. n=4/group. f) Percentage of
IFN-𝛾+CD8+ T cells in LN single cells after challenge with 10 µg/ml OVA257–264peptide for 16 hours. n=4/group. g) Percentage of OVA-specific CD8+
T cells in LN single cells. n=4/group. h-i) ELISpot measurement on IFN-𝛾-spot-forming cells after splenocytes were challenged ex vivo with SIINFEKL
peptide for 24 hours. n=4/group. j) Percentage of IFN-𝛾+CD8+ T cells in splenocytes after challenge with 10 µg/ml OVA257–264 peptide for 16 hours.
n=4/group. k) Percentage of OVAspecific CD8+ T cells in splenocytes. n=4/group. Data are presented as mean +/– s.e.m. *: p<0.05; **: p<0.01; ***:
p<0.001; ****: p<0.0001.

PD-1 expression levels in TILs from the mRNA NP and VLVP
treatment groups. It has been well documented that PD-1
expression contributes to T cell exhaustion and evasion of
tumor immunity.[43] We observed dramatic reduction of both
PD-1+CD4+ and PD-1+CD8+ T cells in tumors from the VLVP
treatment group, but not from the mRNA NP treatment group
(Figure 6a–c). PD-1+CD8+ T cell levels were also reduced in
tumors from the mRNA-free vehicle control group (Figure 6b,c).

The results indicated that inclusion of CpGmight have the added
benefit of suppressing PD-1 expression in T cells. Interestingly,
VLVP treatment raised CTLA4 expression level in Treg cells, but
not in CD4+ or CD8+ T cells, although percentage of CTLA4+

Treg cells remained unchanged (Figure S4f,g, Supporting Infor-
mation). To determine whether PD-1 expression was the major
cause of lack of efficacy in the mRNA NP treatment group, we
repeated the efficacy study by including anti-PD-1 antibody in the
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Figure 4. Inhibition of tumor growth by VLVP. a) Schematic view of treatment schedule. b) Tumor growth curves based on daily tumor size change. n= 20
mice/group. c) CD8+ T cell to CD4+T cell ratio in post-treatment tumor tissues based on flow cytometry analysis. d) IFN𝛾+ CD8+ T cells in post-treatment
tumor tissues based on flow cytometry analysis. e,f) ELISpot analysis on IFN-𝛾-spot-forming cells in single cell suspensions from post-treatment tumor
samples. g) Histological staining of CD3+ T cells, apoptotic cells (by TUNEL), and proliferating cells (by Ki67 staining). h–k) Quantitative analyses of
CD3+ T cells, apoptotic cells and proliferating cells based on tissue slides. Data are presented as mean +/– s.e.m. *: p<0.05; **: p<0.01; ***: p<0.001;
****: p<0.0001.
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Figure 5. CyTOF analysis of tumor-infiltrated immune cells. C57BL/6 mice (n=3/group) were inoculated with B16OVA cells on day 0, and received
treatments on days 3 and 10. Mice were euthanized on day 14 and tumors were harvested for CyTOF analysis. a) Gated CD45+ cells were clustered via
spanning-tree progression analysis for density normalized events (SPADE) after staining with 32 markers. The size of a circle represents cell number,
and the color represents percentage of cell population in CD45+ cells, as shown at the upper right corner. b) viSNE analysis on CD11c+MHCII+ DCs.
c) viSNE analysis on CD45+CD3+ T cells. d) viSNE analysis on CD45+CD11b+ myeloid cells. e–h) Quantitative analyses of DC, T cell, and myeloid cell
subpopulations. Data are presented as mean + s.e.m. *: p<0.05; **: p<0.01; ***: p<0.001; ****: p<0.0001.
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Figure 6. Anti-tumor efficacy from combination therapy with anti-PD-1 antibody. a,b) Subpopulations of CD4+ and CD8+ T cells in post-treatment tumor
samples. c) Heatmap showing PD-1 expression in T cell sub-populations from post-treatment tumor samples. d) Schematic view of treatment schedule.
e) Tumor growth curves based on daily tumor size change. n = 9 mice/group. f) Plot of tumor volume based on day 17 result. Data are presented as
mean + s.e.m. *: p<0.05; **: p<0.01; ***: p<0.001; ****: p<0.0001.

combination groups (Figure 6d). In line with the previous study
(Figure 4b), VLVP treatment potently inhibited B16OVA tumor
growth, while mRNA NP treatment did not block tumor growth
at all (Figure 6d). Interestingly, inclusion of anti-PD-1 antibody
did not further improve VLVP efficacy; in contrast, combina-
tion of mRNA NP and anti-PD-1 was just as efficacious as the
VLVP treatments (Figure 6e,f). The results indicate that CpG in
VLVP provided an equivalent benefit of a checkpoint blockade
agent.

3. Discussion

In this study, we took a step-by-step approach to build a virus-
mimicking mRNA vaccine platform. The resulting VLVP resem-
bles a single-stranded mRNA virus both in structure (with a tight
core formed by electrostatic interaction between the negatively
chargedmRNA and positively charged protein that is surrounded
by phospholipid bilayer) and in DC-activating adjuvant activity.
It has been well documented that the IFN system plays an
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important role in response to viral infection and that, in the
case of a single-stranded mRNA virus, stimulation of the
TLR7/MyD88 signaling is a mechanism for overexpression
of IFN-I and other inflammatory cytokines.[44] In the current
study, we found that the mRNA NPs containing eGFP- or
OVA-encoding mRNA molecules could not stimulate cytokine
expression or fully promote DC maturation, indicating that an
additional component was needed to challenge the body’s innate
immune system. Incorporation of CpG into the core structure
filled the gap and maximized the full potential of a therapeutic
cancer vaccine.
We have previously pointed out there exist multiple physical

and biological barriers at both systemic level and inside the
tumor tissue.[45] Such barriers can block transport of both small
molecule drugs and biotherapeutic agents. For an example,
treatment with Sipuleucel-T, the first FDA-approved therapeutic
cancer vaccine,[46] promoted antigen-specific T cell proliferation;
however, most T cells were blocked at the tumor periphery and
thus missed the target cells inside the tumor bed.[47] In the
current study, we have demonstrated that VLVP is capable of
overcoming the physical and biological barriers. Vaccination
with VLVP triggered antigen-specific CD8+ T cell proliferation
in the lymphatic organs and promoted T cell infiltration deep
into the tumor tissue. Several factors may have contributed to
the favorable outcome. Secretion of inflammatory cytokines by
VLVP-internalized DCs facilitated T cell priming and prolif-
eration. In addition, precipitous drop in immunosuppressive
MDSCs and arginase 1-expressing CD11b+ DCs inside tumor
further prepared the tissue for T cell infiltration and activ-
ity. Furthermore, absence of PD-1 expression maintained T
cells at their activation status and enabled effective cancer cell
killing.
The observation that treatment with VLVP, but not with the

CpG-free mRNA NP, prevented PD-1 overexpression in tumor-
infiltrated T cells is intriguing. Although intratumorally in-
jected CpG can lead to T cell activation,[48] it is unlikely that
the CpG molecules packaged in VLVP had any direct interac-
tion with the tumor-infiltrated T cells. There is a possibility
that VLVP treatment promoted a constant supply of T cells in
the lymphatic organs which supported steady tumor infiltration
of PD-1low T cells. Alternatively, the tumor microenvironment
was depleted with immunosuppressive MDSCs and arginase 1-
expressing CD11b+ DCs, and thus prevented T cells from PD-1
overexpression. Regardless of the molecular and cellular mecha-
nism, tumor enrichment of activated T cells in the VLVP-treated
mice provided the driving force to mount potent anti-tumor
immunity.
Comparing to other non-LNP-based platforms that have

been previously described including one from our own
laboratory,[49–52] VLVP offers a number of benefits. VLVP
can be delivered through intradermal inoculation. The approach
prevents leakage of vaccine particles to non-lymphatic organs
such as the liver. In addition, both CpG and protamine are
FDA-approved drug agents and are biodegradable. Both factors
alleviate safety and regulatory concerns. Furthermore, VLVP
treatment can also offer the benefit of a checkpoint blockade
agent, reducing the burden of a combination therapy with a
checkpoint antibody that may also pose a safety concern. Finally,
the approach to prepare VLVP is simple and user-friendly.

In conclusion, VLVP offers a potent platform for therapeutic
mRNA vaccines. Future efforts will be on translational applica-
tion of VLVP-based cancer vaccines to benefit patients.

4. Experimental Section
Preparation of Vaccine Particles: mRNA nanoparticles were prepared

with phospholipids, protamine, and mRNA. Phospholipids were pre-
mixed at a weight ratio of 49: 49: 2 (EDOPC: DOPE: DSPE-PEG2k), and
served as the organic phase. Final concentrations were 1.96 mg mL−1

EDOPC, 1.96 mg mL−1 DOPE, and 0.08 mg mL−1 DSPE-PEG2k in the or-
ganic phase. Protamine (66.6 µg mL−1) was pre-mixed with mRNA (33.3
µg mL−1) at 1:1 ratio (vol/vol) in a NanoAssemblr (Precision Nanosys-
tems) at a flow rate of 9 mL min−1 to form the aqueous phase. The aque-
ous and organic phases were then mixed together in the NanoAssemblr
at a volume ratio of 3:1 to form mRNA NP. Two volumes of phosphate
buffer saline (PBS, pH 7.3) were added and the mixture was transferred
to an Amicon ultra centrifugal filter (MWCO 30 kDa) followed by centrifu-
gation to remove ethanol. The mixture was washed one more time with 4
volumes of PBS to further remove ethanol during the mRNA concentra-
tion process. VLVP particles were prepared by adding CpG into the pre-
assembled mRNA-protamine core before the aqueous phase was mixed
with the organic phase in the NanoAssemblr.

Animal Studies: All animal procedures were approved by Hous-
ton Methodist Research Institute IACUC, AUP-0620-0039. 6–8-week-old
C57BL/6 mice were purchased from Charles River Laboratories. All mice
were maintained in a pathogen-free facility. Mice were inoculated subcu-
taneously with B16OVA melanoma cells into the left flank, and vaccinated
twice by intra-footpad injection with nanoparticles containing 5 µg mRNA
per mouse, once on day 3 and the second time on day 10 after tumor in-
oculation. Tumor growth was measured on daily basis and tumor volume
was calculated as 0.5 × length × width2. In the combination therapy, anti-
PD-1 antibody (200 µg per mouse) was administered intraperitoneally on
days 4, 8, 12, and 16.

Statistical Analysis: Two-tailed Student’s t test was applied for compar-
ison between two groups, and ANOVA with post-hoc test was performed
when comparing more than two groups. All statistical analyses were per-
formed usingGraphPad Prism8.0.1. Data are presented asmeans+ s.e.m.
P < 0.05 was considered statistically significant (*: p < 0.05; **: p < 0.01;
***: p < 0.001; ****: p < 0.0001).
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