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KEY WORDS Abstract Toll-like receptor (TLR) agonists, as promising adjuvants and immunotherapeutic agents,
have the potential to enhance immune responses and modulate antigen-dependent T-cell immune memory
through activation of distinct signaling pathways. However, their clinical application is hindered by
uncontrolled systemic inflammatory reactions. Therefore, it is imperative to create a vaccine adjuvant
for TLR receptors that ensures both safety and efficacy. In this study, we designed lymph node-
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Cancer nanovaccines;

Immunotherapy; targeted cholesterolized TLR7 agonist cationic liposomes (1V209-Cho-Lip") to mitigate undesired side
Cross-presentation; effects. Co-delivery of the model antigen OVA and cholesterolized TLR7 agonist facilitated DC matura-
Cellular immunity; tion through TLR activation while ensuring optimal presentation of the antigen to CD8" T cells. The
Humoral immunity main aim of the present study is to evaluate the adjuvant effectiveness of 1V209-Cho-Lip™" in tumor vac-

cines. Following immunization with 1V209-Cho-Lip*+OVA, we observed a pronounced "depot effect"
and enhanced trafficking to secondary lymphoid organs. Prophylactic vaccination with 1V209-Cho-
Lip*+OVA significantly delays tumor development, prolongs mouse survival, and establishes durable
immunity against tumor recurrence. Additionally, 1V209-Cho-Lip*+OVA, while used therapeutic tumor
vaccine, has demonstrated its efficacy in inhibiting tumor progression, and when combined with anti-PD-
1, it further enhances antitumor effects. Therefore, the co-delivery of antigen and lymph node-targeted
cholesterolized TLR7 agonist shows great promise as a cancer vaccine.
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1. Introduction

Immunotherapy through vaccination is a valuable and cost-
effective approach for preventing infectious diseases and cancer.
Among various tumor immunotherapies, cancer vaccines have
garnered extensive attention due to their specific immunity, long-
term immunological memory, and potential for tumor prevention'”
“. Although the protein or peptide subunit vaccines have received
rapid development for their ease of manufacturing, improved
safety, and enhanced quality control, their rapid clearance and
poor immunogenicity resulted in weak and short-lived anti-tumor
immune responses’. To achieve robust and durable adaptive anti-
tumor immune responses in cancer vaccines, a proper adjuvant
accomplishing antigen delivery as well as immunological
enhancement is important®’. The most commonly used
aluminum-based adjuvant lacks the ability to perform desired
antitumor immune responses due to its limited capacity in stim-
ulating cell-mediated immunity®. Hence, it is particularly urgent
to explore potent, effective and safe adjuvants that can signifi-
cantly enhance humoral and cellular immune responses in clinical
vaccination.

Dendritic cells (DCs) represent the most powerful and pivotal
antigen presenting cells (APCs) responsible for efficient uptake
and presentation of antigens, initiation of immune responses, and
regulation of humoral and cellular immunity”''. By activating
APCs, adjuvants obtain the probability to release the natural
killing function of cytotoxic T lymphocytes (CTLs) to eliminate
cancer or pathogens. Various adjuvants, such as TLR agonists,
activate innate immune receptors on APCs, resulting in the pre-
sentation of antigens by APCs, release of cytokines, and subse-
quent provision of costimulatory signals to CD8 T cells'>'®. An
ideal cancer vaccine should not only create a “depot effect” at the
site of injection to sustain antigen exposure to DCs, but also
deliver vaccine to the draining lymph nodes (LNs) to activate T
and B cells which is essential to induce valid and long-term
antitumor immunity'*'>. To achieve these, a promising approach
entails the utilization of a vaccine based on nanoparticles that can
safeguard antigens against degradation, activate DCs, and co-
deliver antigens and adjuvant to draining LNs, initiating the im-
mune system’'*!”.

TLRs have long been considered as adjuvants in adaptive
immune responses'®'®. As the key sensors of the innate immunity,
TLRs via the adapter proteins (MyD88, TRAM, TRIF, and MAL)
pathway to activate a diverse range of immune cells, especially the
DCs***2. Meanwhile, the utilization of TLR agonists as immu-
noadjuvants through a nanoparticle delivery system can signifi-
cantly augment immune responses and significantly improve
antigen cross-presentation®>**°. However, they have been re-
ported to be quite toxic in some instances, possibly due to their
widespread distribution within the body and subsequent activation
of myeloid cells, leading to a cytokine storm®’>’. Although
nanoparticle delivery systems can reduce the toxicity of TLR
agonists to some extent, the complexity and low biocompatibility
of many nanoparticle delivery systems also limit the clinical
application of TLR agonists. Therefore, there is an urgent need for
a nano-drug delivery system that can reduce the toxicity of TLR

agonists and enable clinical transformation. In our previous study,
we found that encapsulation of the cholesterolized TLR7 agonist
within neutral liposomes not only exerted minimal toxic effects
but also enhanced its immunostimulatory and immunotherapeutic
breadth®. The present work, aimed to encapsulate the cholester-
olized TLR7 agonist in cationic liposomes (1V209-Cho-Lip*) and
evaluate its vaccine potency for long-term tumor prevention.
Cationic liposomes have been reported to exhibit higher immu-
nogenicity compared to neutral or anionic liposomes”'~*. Among
various nano-systems, 1V290-Cho-Lip*+OVA holds promise as a
potential tumor vaccine platform for future translational studies in
tumor immunotherapy due to its facile synthesis, availability of
raw materials, and improved safety****. Our results indicated that
immunization with 1V209-Cho-Lip™ adjuvanted ovalbumin
(OVA) stimulated antigen-specific humoral and CTL responses,
leading to the suppression of tumor progression and extended
survival duration in mice. Additionally, we observed that the
cationic liposomal vaccine 1V209-Cho-Lip"+OVA induced a
durable CD8' memory T-cell immunity specific to the antigen,
effectively preventing tumor formation even six months after
initial immunization. Meanwhile, the cationic liposomal vaccine
1V209-Cho-Lip™+OVA effectively suppressed tumor progression
in the therapeutic BI6F10-OVA melanoma and E.G7-OVA lym-
phoma models when combined with immune checkpoint blockade
(ICB). Scheme 1 demonstrates the targeted effective delivery of
both antigen and TLR7 agonist by 1V209-Cho-Lip™+OVA
cationic liposomes for cancer immunotherapy.

2. Materials and methods
2.1. Materials

The compound 1V209 was acquired from Selleck (Houston,
USA). DOTAP (chloride salt) and DSPE-PEG;qy, (ammonium
salt) were obtained from Avanti Polar Lipids (Alabaster, USA).
Albumin from chicken egg white (OVA) and cholesterol were
sourced from Sigma—Aldrich (St. Louis, USA). The B16F10-
OVA and E.G7-OVA mouse melanoma cell lines were sourced
from the Chinese Academy of Sciences Cells Bank (Shanghai,
China). Female C57BL/6J mice were procured from Huafukang
Biotechnology Co., Ltd. (Beijing, China). All animal experiments
conducted adhered to the guidelines evaluated and approved by
the Ethics Committee of Sichuan University (20210409044).

2.2.  Preparation and characterization of cationic liposomes
(1V209-Cho-Lip"™+OVA and Blank-Lip™+OVA)

Firstly, DOTAP (chloride salt), cholesterol, 1V209-Cho, DSPE-
PEG;ggp (ammonium salt) (molar ratio = 62:32:3:3) were dis-
solved in chloroform/methanol (v/v = 10:1). The solvent was then
evaporated using rotary evaporation at 37 °C to form a lipid film.
Subsequently, the lipid film was hydrated in PBS for 1 h at 37 °C
followed by intermittent sonication in water for 30 min and probe
sonication at an intensity of 80 W for 120 s to form cationic
1V209-cholesterolated liposomes (1V209-Cho-Lip™*), and then
the OVA was added which can bound with DOTAP through


http://creativecommons.org/licenses/by-nc-nd/4.0/

Cholesterolized TLR7 agonist liposomes enhance humoral and cellular immunity

4579

.l 4 = =

1V209-Cho-Lip*+OVA

N —> ‘-'- —
&
£ 1V209-Cho 1V209-Cho-Lip* OVA solution
mDCs (U
e L
)/TLR7 s ¢
A8 (
o B I v\ f"\g\
Tt g ~ imDCs
MHC II-OVA peptide, #2040 'EDBG"@%S»WC +OVA peptide
£cpaoL N4 \
(ol H
Y { -
L T i !

Naive CD4T cells

Th2 X

Y

LY T cells

"‘(‘J N\ J- : .O

IgG1 1gG2 @
Granzyme B

(o ®
. %
A *

OVA-expressing
primary tumor

Scheme 1
to exert a superior anti-tumor effect.

electrostatic adherence by vibrating at 37 °C for 1 h, the 1V209-
Cho-Lipt+OVA were obtained. Blank-Lip™4+OVA were prepared
by a similar method, only without 1V209-Cho. The DLS tech-
nique (Malvern Zetasizer Nano ZS) was employed for size dis-
tribution and zeta potential analysis, while TEM imaging (H-600,
Hitachi, Japan) was utilized to capture the morphologies.

2.3.  The uptake of cationic liposomes by DCs in vitro

Murine DCs were seeded into 24-well titer plates. Then OVAF,
Blank-Lip"™+OVAF and 1V209-Cho-Lip™+OVAF®  (equivalent
OVA-FITC) were added and further incubated with DCs for 4 h.
After incubation, the liquid in the container was aspirated and the
cells were rinsed with PBS and then suspended in PBS followed
by flow cytometry analysis. DCs incubated with PBS were used as
a control.

2.4.  BMDCs activation assays in vitro

Bone marrow-derived dendritic cells (BMDCs) were obtained
from C57BL/6J mice and then cultured for a period of 6 days to
obtain immature BMDCs. Then the immature BMDCs were added
to a 24-well cell culture plate (10° per well) and incubated over-
night. Then, PBS, OVA, Blank-Lip++OVA and 1V209-Cho-
Lip"™+OVA were added and incubated with DCs for 48 h. After
incubation, DCs were stained with anti-mouse CD1lc percp-
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1V209-Cho-LipT+OVA effectively co-delivers antigen and TLR7 agonist, thereby augmenting both humoral and cellular immunity

Cy5.5, anti-mouse CD86 FITC, anti-mouse CD80 PE and anti-
mouse CD40 APC for 30 min in ice for flow cytometry detection.

2.5.  Measurement of cross-priming of CD8 T cells in vitro

In the cross-presentation of antigens studies, the Mouse CD8* T
Cell Isolation Kit was used to isolate CD8 T cells from OT-1
transgenic mice and subsequently labeled with CFSE. Subse-
quently, 3 x 10° CFSE-labeled CD8" T cells and the activated
DCs were co-cultured in RPMI 1640 medium for 72 h. After, the
cells were gathered and subjected to staining with anti-mouse CD3
Percp-Cy5.5, anti-mouse CD8 PE, and anti-mouse CD69 BV421
(BioLegend). Finally, the cells underwent two washes using PBS
and were examined using flow cytometer.

2.6. Lymphatic tracking of labeled cationic liposomes in vivo

To visualize the real-time behavior of different cationic liposomes
after administration, OVA-FITC was encapsulated into different
cationic liposomes instead of OVA and intramuscularly injected
into C57BL/6J mice at a dose of 50 pg OVA-FITC on their left
leg. Lymphatic tracking of labelled cationic liposomes was real-
time monitored at the draining inguinal lymph nodes. The Lumina
III Imaging System (PerkinElmer, USA) was utilized for in vivo
fluorescent imaging at 4, 12, and 24 h. At last time point, the mice
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were autopsied, and inguinal lymph nodes and popliteal lymph
nodes were excised and fixed for subsequent imaging.

2.7.  Immunoprophylaxis experiments

In this experiment, female C57BL/6J mice were randomly
assigned to four groups PBS, OVA, Blank-Lip™+OVA and
1V209-Cho-Lip*+OVA (n = 8), and intramuscularly immune
(25 pgfrat OVA and 5 pg/rat 1V209-Cho) on Days 0, 14 and 21.
Subsequently, on Day 28, the right flank of the mice was subcu-
taneously inoculated with either B16F10-OVA or E.G7-OVA cells
(1 x 10° cells). Tumor growth and survival rate were calculated.

2.8.  Mechanism of immunoprophylaxis

To investigate the mechanism of immunoprophylaxis, mice were
sacrificed seven days after their final immunization (n = 5).
Serum of mice was obtained to analysis of OVA specific IgG and
IgG subtypes using ELISA analysis. The amounts of INF-v,
Granzyme-B, TNF-«, IL-6 and IL-10 in the serum or culture
supernate were quantified using ELISA kits. Spleens and inguinal
lymph nodes were collected, triturated and filtered through a
70 pwm filter, then the dissociated cells were stained with anti-
mouse antibody (BioLegend). The stained cells were tested
using a NovoCyte Flow Cytometer (ACEA Biosciences, Inc.). In
addition, splenocytes were restimulated with OVAjs7.064
(10 pg/mL) for 3 days and stained with anti-mouse CD3 Percp-
Cy5.5, anti-mouse CD8 BVS510, anti-mouse SIINFEKL-MHCI
PE, anti-mouse IFN-y PE-Cy7 and anti-mouse Granzyme-B
AF647 (BioLegend). To assess the cytotoxic potential of T cells,
Splenic lymphocytes were subsequently re-stimulated with CD8"-
specific OVA,s57_264 peptides (10 pg/mL) for a duration of 3 days.
Then the lymphocytes (effector cells) and CFSE labeled B16F10-
OVA cells (target cells) or B16F10 cells (negative control target
cells) were incubated in different E:T ratios for 6 h. The fre-
quencies of B16F10-OVA (CFSE high) cells were tested and
calculated the percent specific killing.

2.9.  1V209-Cho-Lip™+OVA induced persistent humoral and
cellular immune response and prevented tumor formation

Female C57BL/6J mice were divided into PBS, OVA, Blank-
Lip™+OVA and 1V209-Cho-Lip*+OVA groups (n = 5), and
intramuscularly immunized (25 pg/rat OVA and 5 pg/rat 1V209-
Cho) on Days 0, 14 and 21. Blood samples were collected from
eye sockets of mice at the Sth and 6th months following the initial
injection. IgG subtypes in the collected sera were analyzed using
ELISA with appropriate sample titrations. At six months after the
first injection, animals received a subcutaneous inoculation of
1 x 10° BI6F10-OVA cells. The size of the tumor was assessed
every two days for a period of twenty days. Subsequently, animals
were euthanized and blood as well as spleen samples were ob-
tained, then the single cell suspensions were stained with anti-
mouse CD3 Percp-Cy5.5, anti-mouse CD19 PE, anti-mouse IgD
APC, anti-mouse CD27 FITC, anti-mouse IgM BV421
(BioLegend).

2.10.  ELISPOT assays
Immulon 2 HB plates coated with anti-IFN-y antibody were

blocked with PBS-BSA for use in the assay. Splenic lymphocytes
were seeded onto the plates supplemented with OVAjs7 564

peptide or media alone. After incubated for 18 h, detection of IFN-
v-producing CD8" T-cell spots was achieved by using a bio-
tinylated anti-IFN-v antibody followed by alkaline phosphatase
streptavidin and BCIP dissolved in low melting agarose solutions.
Spot analysis was performed using the Mabtech IRIS FluoroSpot/
ELISpot reader.

2.11.  Immunotherapeutic experiment in vivo

Subcutaneous inoculation of either 3 x 10° BI16F10-OVA or
E.G7-OVA cells on mice. Mice with established tumors were
randomly divided into six groups: PBS group, OVA group, Blank-
Lip™+OVA group, 1V209-Cho-Lip*+OVA group, Anti-PD-1
group and 1V209-Cho-Lip*+OVA + Anti-PD-1 group (n = 8).
The 1V209-Cho-Lip™+OVA vaccine was intramuscularly
administered on Day 5, once every seven days, three times in total
(25 ug/rat OVA and 5 ug/rat 1V209-Cho). And the Anti-PD-1 (100
ug/rat) was injected intraperitoneally, once every 3 days, six times
in total. Tumor growth and mouse survival were monitored.

2.12.  Pathological evaluation of vital organs

Female C57BL/6J mice were intramuscularly immunized with
1V209—Ch0—Lip++OVA. After three times immunization, the
heart, liver, spleen, lung, and kidney were obtained and then fixed
in a buffered formalin solution (4%) for 72 h. Subsequently, the
samples underwent embedding in paraffin and sectioning into
approximately 3 um thick slices. These sections underwent dew-
axing using ethanol and xylene before being stained with
hematoxylin-eosin (H&E).

2.13.  Statistical analysis

The mean + standard error of the mean (SEM) was used to pre-
sent the data. Pairwise comparisons were assessed for statistical
significance using two-tailed Student’s r-tests, while multiple
group comparisons were evaluated using one-way ANOVA. Sig-
nificance levels of P < 0.05, P < 0.01, and P < 0.001 were
considered to indicate significant differences (remarked with *, **
and ***, respectively).

3. Results and discussion

3.1.  Preparation and characterization of 1V209-Cho-
Lip*t+OVA vaccine

1V209-Cho was synthesized according to our earlier report™’. The
cationic lipid material DOTAP was used to prepare cationic
liposome 1V209-Cho-Lip™ by the thin film hydration method.
Subsequently, the 1V209-Cho-Lip*+OVA complex was formed
by facilely mixing the 1V209-Cho-Lip+ with an OVA solution.
Meanwhile, blank cation liposomes (Blank—Lip*) without 1V209-
Cho component were used as a control. DLS analysis indicated
that the hydrodynamic diameter of 1V209-Cho-Lip*+OVA was
approximately 190 nm, larger than that of 1V209-Cho-Lip™
(Fig. 1A and B). Meanwhile, the FE-TEM showed the mean sizes
of 1V209-Cho-Lip™+OVA were approximately 200 nm and larger
than 1V209-Cho-Lip™ which were consistent with DLS data
(Fig. 1A and B). The mean sizes of Blank-Lip"+OVA were also
larger than that of Blank-Lip" (Supporting Information Figs. STA
and S1B). The combined results of DLS and FE-TEM confirmed
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(A) DLS and TEM image of 1V209-Cho-Lip*, scale bar = 200 nm. (B) DLS and TEM image of 1V209-Cho-Lip*+OVA, scale

bar = 200 nm. (C) The cellular uptake of BMDCs were measured by FACS analysis. (D—F) The expression levels of (D) CD40, (E) CD80, and
(F) CD86 on DCs. (G and H) Representative flow cytometry pictures and quantification of CFSE-OT-1 CD8 T cells after coculture with DC
activated by PBS, OVA, Blank-Lip*+OVA, and 1V209-Cho-Lip*-+OVA for 72 h. (I and J) Representative flow cytometry pictures and quan-
tification of CD69 expression on OT-I CD8 T cells after coculture with DC activated by PBS, OVA, Blank-Lip++0VA, and 1V209-Cho-
Lip"+OVA for 72 h. (K) In vivo fluorescent imaging of mice. (L) Ex vivo imaging and semiquantification of in inguinal and popliteal lymph node
fluorescence at 24 h post-injection. Data are presented as mean == SEM (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001.

the strong capacity of 1V209-Cho-Lip™* and Blank-Lip™ to cap-
ture OVA and generate1V209-Cho-Lip"+OVA and Blank-
Lip"™+OVA complexes. Both 1V209-Cho-Lip™+OVA and
Blank-Lip*+OVA were of similar { potential (20 + 0.24 mV),
which were lower than those of Blank-Lip™ and 1V209-Cho-Lip™
(35 £ 1.02 mV). Additionally, the encapsulation efficiency of
OVA was 90 £ 1.24%.

3.2, 1V209-Cho-Lip™+OVA promotes DCs uptake, activation
and the antigen cross-presentation

Efficient internalization of 1V209-Cho-Lip"+OVA by DCs is
crucial, as DCs are potent APCs to activate native T cells. To
investigate the cellular uptake of 1V209-Cho-Lip"+OVA, fluo-
rescein isothiocyanate (FITC)-labelled OVA was used to construct
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fluorescent 1V209-Cho-Lip"+OVAF. PBS, OVAF, and Blank-
Lip"+OVAF were included for comparison purposes. Flow
cytometry analysis revealed that both 1V209-Cho-Lip™+OVAF
and Blank-Lip*+OVAF groups exhibited efficient endocytosis by
DCs compared to free OVAF (Fig. 1C and Fig. S1C). In contrast, a
significantly higher fluorescence of 1V209-Cho-Lip™+OVAF
group than Blank-Lip™+OVAF was attributed to the component of
the 1V209-Cho, which supported our earlier report”. These
results demonstrate the superior uptake capability of 1V209-Cho-
Lip™+OVAF by DCs.

Having confirmed the favorable cellular uptake of DCs to
1V209-Cho-Lip*+OVA, we proceeded to investigate its potential
in enhancing DC maturation and subsequent immune responses.
As depicted in Fig. 1D-F, compared to the PBS group, incubation
with 1V209-Cho-Lip™+OVA resulted in a significant expression
of CD40 (1.77-fold), CD80 (1.38-fold) and CD86 (2.20-fold), the
important indicators of DC maturation. In contrast, incubation
with Blank-Lip™+OVA only observed a slight upregulation of
costimulatory molecules, owing to the intrinsic immunostimula-
tory properties of cationic liposome™*°. These findings show that
1V209-Cho-Lip™+OVA is a potent nanovaccine capable of pro-
moting DC maturation.

Efficient cross-presentation of extracellular proteins by DCs is
crucial for initiating immune responses’’. Subsequently, we
investigated whether 1V209-Cho-Lip™4+OVA could enhance an-
tigen cross-presentation by DCs. In this study, we utilized CD8* T
cells from OT-1 mice to assess the ability of 1V209-Cho-
Lip™4+OVA-stimulated DCs in conducting cross-presentation of
soluble OVA. Flow cytometry analysis of CFSE fluorescence
revealed a 2.1-fold increase in the proliferation of CD8" T cells
upon co-culture with 1V209-Cho-Lip"4+OVA-treated DCs
(Fig. 1G and H). Meanwhile, the CD8" T-cell activation upon co-
culture with 1V209-Cho-Lip"+OVA-treated DCs was 5.8-fold
higher than PBS-treated DCs (Fig. 1I and J). In contrast, Blank-
Lip"+OVA-treated DCs had less effect on CD8" T-cell prolifer-
ation (Fig. 1G and H) and activation (Fig. 1I and J). Collectively,
these findings demonstrate that in vitro treatment with 1V209-
Cho-Lip*+OVA can substantially enhance the ability of DCs to
present extracellular antigens through cross-presentation, which
may play a critical role in the initiation of antigen-specific CTL
activity.

3.3, In vivo biodistribution of the 1V209-Cho-Lip™+OVA

An effective vaccine delivery system necessitates the establish-
ment of a “depot” at the injection site as well as efficient antigen
transportation to the lymph nodes. In our previous study, we found
that 1V209-Cho-Lip exhibited targeting and accumulation in
lymph nodes®’. Here, we evaluated the extent to which 1V209-
Cho-Lip*+OVA specifically targets the injection site and its
associated draining lymph node, a feature closely linked to adju-
vant potency. Mice were injected i.m. in the left leg with PBS,
OVAF, Blank-Lip™+OVAF and 1V209-Cho-Lip"+OVAF (equiv-
alent dose of OVAF) followed by full-body luminescence imaging
of the fluorescence signal at 4, 12, and 24 h post-injection. As
depicted in Fig. 1K and L, the fluorescence intensity in inguinal
LNs (marked by white circle) of 1V209-Cho-Lip™+OVAF group
was stronger than OVA™ and Blank-Lip™+OVAF group. Further-
more, this intensity remained consistently high even after 24 h
following injection, suggesting a robust migration and retention of
1V209-Cho-Lip™+OVAF in inguinal LNs. Moreover, stronger
fluorescence intensity was observed in the injection site (marked

by white arrows) of 1V209-Cho-Lip"+OVAF and Blank-
Lip™+OVAF group than OVAF group at 12 and 24 h, which is
consistent with previous reports, cationic liposomes have the
capability to form a depot at the site of injection®®’. However, the
fluorescence intensity in inguinal LNs (marked by white circle) of
Blank-Lip™+OVAF group was weak. Ex vivo imaging revealed
that the 1V209-Cho-Lip™+OVAF exhibited a stronger fluores-
cence intensity in inguinal and popliteal LNs compared to the
Blank-Lip™+OVA" and OVAF groups. Semi-quantification
analysis of ex vivo imaging (Fig. 1L) demonstrated that the fluo-
rescence intensity in inguinal and popliteal LNs of the group
1V209-Cho-LipT+OVAF was 2.06-fold and 5.52-fold higher than
that observed in the OVAF group, respectively. Overall, 1V209-
Cho-Lip™+OVAF exhibits both “depot effects” at the injection
site and facilitates antigen delivery to draining LNs.

3.4.  Antitumor efficiency of 1V209-Cho-Lip*+OVA as a
prophylactic vaccine

Inspired by the aforementioned findings, we subsequently
assessed the in vivo immune-prophylactic efficacy of 1V209-Cho-
Lip"+OVA in B16F10-OVA melanoma model. Various vaccine
groups were intramuscularly injected on Days 0, 14, 21 (Fig. 2A).
Tumor cells were inoculated seven days following the completion
of immunization. On Day 28, serum samples were collected to
measure titers of OVA-specific IgG subclasses (IgG1 and IgG2a/b)
using ELISA (Supporting Information Fig. S2A-S2D). Intra-
muscular immunization with Blank-Lip™+OVA and 1V209-Cho-
Lipt+OVA all induced higher serum OVA-specific IgG levels
compared with those induced by immunization with OVA and
PBS (Fig. S2A), and the 1V209-Cho-Lip"+OVA group induced
the highest serum OVA-specific IgG levels. While immunization
with Blank-Lip"*+OVA primarily induced Th2-related IgGl,
1V209-Cho-LipT4+OVA elicited a balanced immune response by
inducing both IgGl and the Thl-related IgG2a and IgG2b
(Fig. S2B-S2D). The 1V209-Cho-Lip"™+OVA group exerted
potent tumor growth inhibition and maximum survival time
compared to that from the Blank-Lip"+OVA group, OVA group
and the PBS group (Fig. 2B-F) and led to complete regression of
the tumors in 62.5% of the mice (Fig. 2E and G). The Blank-
Lip"+OVA group exhibited a modest inhibition effect on tumor
growth, attributed to the adjuvant properties of cationic liposomes.
Overall, these findings demonstrate that 1V209-Cho-Lip™+OVA
could serve as an efficacious vaccine for preventing tumor
development following OVA-expressing tumor cell inoculation.

3.5.  1V209-Cho-Lip™+OVA elicited robust cellular immune
responses in mice

Next, we further investigate the immune prevention mechanism,
as shown in Fig. 2H and J, the proportion of activated CD4" and
CD8" T cells in draining inguinal lymph nodes significantly
increased after immunization with 1V209-Cho-Lip*t+OVA
(Supporting Information Fig. S3A and S3B), which are
crucial for inducing a robust immune response and achieving
effective immune prevention and protection. Vaccination is an
effective strategy for preventing disease upon reinfection with
pathogens. In general, upon reinfection, memory T cells that were
generated during the initial infection can promptly initiate a
cascade of immune responses. In our study, we evaluated memory
T cells (both CD4% and CD8™) from inguinal lymph nodes of
mice that were immunized three times using FACS analysis
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Figure 2

(A) Scheme of immunizations. (B—E) Individual tumor growth curves are shown. CR, complete regression. (F) Percentage survival

rate of mice following tumor challenge. (G) Percentage of mice remaining tumor-free after tumor challenge. (H) Quantification of active CD4" T
cells in inguinal LNs. (I) Representative flow cytometry plots and quantification of effector memory CD4" T cells (EM), central memory CD4* T
cells (CM), and naive CD4" T cells (Naive) in inguinal LNs. (J) Quantification of active CD8™ T cells in drain inguinal LNs. (K) Representative
flow cytometry plots and quantification of effector memory CD8" T cells (EM), central memory CD8" T cells (CM), and naive CD8™ T cells

(Naive) in inguinal LNs. Data are presented as mean + SEM (n =

(Supporting Information Fig. S4). As depicted in Fig. 2I and K,
compared to other groups, treatment with 1V209-Cho-Lip*+OVA
increased the percentage of effector memory T cells
(CD44*7CD62L") among both CD4" and CD8" T cells, while
reducing the proportion of naive T cells (CD44 CD62L ") among
both populations. These results suggest that 1V209-Cho-

5). *P < 0.05, **P < 0.01, ***P < 0.001. n.s., not significant.

Lip™+OVA elicits robust memory T cell responses and confers
potent protection against tumor recurrence. It has been found that
TCF1PD-17CDS8™ T cells in the LNs with a stem-like phenotype
preserve the ongoing anti-tumor immune response, and demon-
strate enhanced expansion following ICB therapy®’*?. After
1V209-Cho-Lip™+OVA immunization, the proportion of stem-
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like CD8" T cells increased within drain inguinal LNs (Fig. 3A Then we assessed the splenocytes from thrice immunized mice
and Fig. S3C), suggesting its potential to enhance immune using FACS, 1V209-Cho-Lip"+OVA immunization significantly
checkpoint blockade therapy. increased the frequency of CD4 ™, activated CD4™ T and CD8™ T
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cells compared with other groups (Fig. 3B-D). To further explore
whether 1V209-Cho-Lip*+OVA could significantly enhance GC
responses in mice, which is vital to generate the matured plasma
cells and the memory B cells that contribute to mediate long term
protective immunity*’. We investigated GC B cell and Tgy re-
sponses in drain inguinal LNs and spleen of animals immunized
with 1V209-Cho-Lip™+OVA. A high frequency of GC B cells
was induced in both the drain inguinal LNs and spleen of animals
vaccinated with the 1V209-Cho-LipT™+OVA, and this was
significantly higher than that induced by Blank-Lip"+OVA
(Fig. 3E and Supporting Information Fig. S5A). A corresponding
and significant increase in GC Tgy was also observed in the
draining inguinal LNs and spleen (Fig. 3F and Fig. S5B). These
results suggest that vaccination with 1V209-Cho-Lip*+OVA in-
duces an enhanced GC response in draining inguinal LNs and
spleen comparison with other groups, thereby promoting the
establishment of long-term immunological memory.

Meanwhile, we isolated splenocytes from immunized mice and
subsequently incubated them with CD8+-speciﬁc OVAjs57-264
peptides in vitro. The results demonstrated that vaccination with
1V209-Cho-Lip™+OVA significantly enhanced the abundance of
OVA-specific CD8" T cells compared to PBS (4.6-fold), OVA
(3.89-fold), and Blank-Lip™+OVA groups (1.80-fold) as detected
by PE-conjugated OVA,s7.264-bound H-2kb tetramer (Fig. 3G).
Furthermore, immunization with 1V209-Cho-Lip™+OVA mark-
edly elevated the percentages of CD8" IFN-y or granzyme
B-producing CTLs (Fig. 3H and I) and enhanced the secretion of
IFN-y and granzyme B (Fig. 3J). 1V209-Cho-Lip*+OVA also
dramatically increased the secretion of TNF-«, IL-6 and IL-10
(Fig. 3J). Similar results were also found in the serum of the
immunized mice. As shown in Fig. 3K, immunization with
1V209-Cho-Lip*+OVA promoted robust secretion of IFN-y,
TNF-a as well as IL-6 in the serum. The cytotoxic T cell assays
were used to evaluate the tumor-specific killing function of CD8*
T cells (Fig. 3L). Briefly, the lymphocytes (effector cells) from the
immunized mice with  1V209-Cho-LipT4+OVA, Blank-
Lip"™+OVA, OVA or PBS were cocultured with antigen
(OVA57.264), followed by incubation with CFSE-labeled B16F10-
OVA tumor cells (target cells) or BI6F10 tumor cells (negative
control target cells). As shown in Fig. 3L, the 1V209-Cho-
Lip"+OVA group exhibited significant cytotoxicity against
B16F10-OVA melanoma at increasing ratios of effector to target
cells. However, no noticeable difference was observed in the
cytotoxic effect against B16F10 melanoma, indicating specific
elimination of OVA target cells by 1V209-Cho-Lip"+OVA. The
aforementioned results collectively demonstrate the potent ability
of the 1V209-Cho-Lip*+OVA nanovaccine to induce robust
T-cell immune responses in vivo.

3.6.  The long-term immune memory in vivo elicited by 1V209-
Cho-Lip*t+0OVA

To assess the ability of 1V209-Cho-Lip*+OVA to promote
persistent memory immunity and prevent tumor formation, mice
were injected with B16F10-OVA tumor cells subcutaneously
after 180 days from the initial vaccination (Fig. 4A) and moni-
tored for a period of 20 days. The sizes of tumors at day 20 post-
inoculation are depicted in Fig. 4B-E. Notably, immunization
with 1V209-Cho-Lip"+OVA resulted in robust and enduring
immunological memory against tumor growth, as evidenced by
nearly complete rejection of the inoculated B16F10-OVA tumor
cells by all vaccinated mice on Day 20 (Fig. 4E and F). Although

tumor formation was observed in the mice immunization with
Blank-Lip"+OVA until days 16 post-B16F10-OVA inoculation,
60% of the mice failed to prevent tumor formation at 20 days
(Fig. 4D and F). Tumor formation was observed 4—8 days after
B16F10-OVA inoculation in almost all animals immunized with
PBS and OVA (Fig. 4B, C and F). Long-lived memory B cells
(BMEM) form a vital part of immunological memory, providing
rapid antibody responses to reinfection***>. BMEM in bone
marrow and blood were evaluated by flow cytometry (Fig. 4G
and Supporting Information Fig. S6A and S6B), mice immu-
nized with 1V209-Cho-Lip*+OVA exhibited a significantly
higher frequency of BMEM than that of other groups. Given the
crucial role of OVA-specific memory T-cells in eliminating OVA-
expressing tumor cells, we conducted an analysis of tumor-
specific CD8' T-cells by the IFN-y ELISPOT assay. Our data
revealed a notable increase in the quantities of IFN-y* CD8* T
cells in spleen and blood following immunization with 1V209-
Cho-Lip"™+OVA (Fig. 4H and I). In contrast, no substantial
elevation in tumor-specific CD8% memory T-cell numbers was
observed in either the spleen or blood for mice belonging to the
other three groups (Fig. 4H and I). Furthermore, serum titrations
were performed to assess total IgG and IgG2a subtypes at five
and six months post-first immunization (Fig. 4A and Fig. S6C
and S6D). Notably, administration of 1V209-Cho-Lip™+OVA
resulted in significantly higher total IgG and IgG2a titers
compared to Blank-Lip"+OVA at both time points (Fig. S6C
and S6D). These findings suggest that immunization with
1V209-Cho-Lip™+OVA induces a robust and persistent humoral
as well as cellular anti-OVA specific immune response capable of
eradicating OVA-expressing tumors.

3.7.  Therapeutic efficacy of the 1V209-Cho-Lip™+OVA
combination with anti-PD-1 checkpoint blockade

Subsequently, we conducted further investigations into the thera-
peutic immunization in established B16F10-OVA tumors mice
using 1V209-Cho-Lip"™+OVA to explore its antitumor effect.
Notably, our findings revealed an augmented proportion of stem-
like CD8" T cells within the inguinal LNs following 1V209-
Cho-Lipt+OVA immunization (Fig. 3A), which could
potentially enhance the efficacy of ICB***?. Consequently, we
further explored the synergistic antitumor effects by combining
1V209-Cho-Lip™+OVA immunization with anti-PD-1 treatment.
The schematic of the drug treatment as shown in Fig. 4J. Mice that
received PBS alone exhibited a median survival time of only 20
days, and all mice succumbed to tumor inoculation by day 26
(Fig. 4K and Q). The OVA group and anti-PD-1 group exhibited
similar efficacy to the PBS group, with an average survival of 23
and 24 days, respectively (Fig. 4L, O and Q). While Blank-
Lip™4OVA only showed a mild tumor inhibition effect, with an
average survival of 31 days, all mice succumbed to the tumor
within 41 days after inoculation (Fig. 4M and Q). 1V209-Cho-
Lip™4OVA significantly prohibited tumor progression, surviving
an average of 43 d (Fig. 4N and Q). Notably, combination
immunotherapy using 1V209-Cho-Lip"+OVA in conjunction
with anti-PD-1 further suppressed tumor progression, resulting in
a remarkable survival rate of 75% after the designated monitoring
duration (60 days) (Fig. 4P and Q). The therapeutic efficacy of
1V209-Cho-Lip™+OVA surpassed that of other groups in terms of
inhibiting tumor growth and improving both survival time and
rate. Furthermore, immunization with 1V209-Cho-Lip*t-+OVA
exhibited a potential to augment ICB therapy.
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(A) Scheme of the immunization procedures and experimental design. (B—E) Curves depicting the growth of tumors in individual mice

that were injected with B16F10-OVA tumor cells. CR, complete regression. (F) Percentage of mice remaining tumor-free after tumor challenge. (G)

Quantification of BMEM in bone marrow. (H and I) ELISPOT was used to determine the abundance of IFN-y ™

splenocytes (H) and cells in the

blood (I). Representative images of ELISPOT wells are shown. (J) Schematic representation depicting therapeutic immunization against established
B16F10-OVA tumors. (K—P) Curves depicting the growth of tumors in individual mice. CR, complete regression. (Q) Percentage survival rate of
mice following tumor challenge. Data are presented as mean + SEM (n

3.8.  Prophylactic and therapeutic efficacy of 1V209-Cho-
Lipt+OVA in E.G7-OVA tumor model

To further evaluate the antitumor efficacy of the 1V209-Cho-
Lip"™+OVA nanovaccine in both cancer prevention and

3). *P < 0.05, **P < 0.01, ***P < 0.001.

therapeutic contexts, we generated another OVA-expressing
mouse T lymphoma cell line E.G7-OVA for the tumor experi-
ment (Fig. 5SA and G). C57BL/6J mice were assigned into four
different groups: a PBS group, an OVA group, a Blank-
Lip"+OVA group, and a 1V209-Cho-Lip™+OVA group. All
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vaccines were intramuscularly injected on Days 0, 14, 21
(Fig. 5A). After a week following the last vaccination, E.G7-OVA
T lymphoma cells were inoculated. The 1V209-Cho-Lip*+OVA
nanovaccine group exhibited superior tumor inhibition and
significantly prolonged survival time compared to the Blank-
Lip"+OVA group, OVA group, and PBS group (Fig. 5B-F).
Furthermore, when employed as a therapeutic vaccine after tumor
inoculation (Fig. 5G), the 1V209-Cho-Lip"+OVA nanovaccine
effectively suppressed E.G7-OVA tumor growth and extended
mouse survival (Fig. SH-K and N). Notably, the combination of
1V209-Cho-Lip"+OVA with anti-PD-1 resulted in further
enhancement of therapeutic efficacy (Fig. SL and M) and

prolonged survival time (Fig. 5N). These results indicate that
1V209-Cho-Lip"+OVA exhibits robust antitumor effects in both
E.G7-OVA prophylactic and therapeutic models.

3.9.  Safety evaluation

The safety of the 1V209-Cho-Lip™+OVA vaccine was evaluated
by conducting a comprehensive analysis of complete blood count
(Fig. 6A) and serum chemistry panel (Fig. 6B). No statistically
significant differences were found among all groups. Additionally,
no histological alterations were detected in the heart, liver, spleen,
lungs, and kidney of the vaccinated mice (Fig. 6C).
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4. Conclusions

Currently, adjuvants remain the most crucial strategy for

enhancing the efficacy of conventional and next-generation vac-
cines. In this study, we have developed a cholesterolized TLR7

agonist cationic liposomes vaccine platform (1V209-Cho-
Lip™+OVA) that not only induces in vitro maturation of DCs but
also significantly enhances cross-presentation of extracellular
antigens by DCs. The 1V209-Cho-Lip*+OVA vaccine platform
efficiently co-delivers the model antigen (OVA) and



Cholesterolized TLR7 agonist liposomes enhance humoral and cellular immunity 4589

cholesterolized TLR7 agonist (1V209-Cho) to lymph nodes for
presentation to DCs. Our findings demonstrate that 1V209-Cho-
Lip"+OVA could induce extremely potent and durable T cell
responses, long-lasting T cell immunological memory, as well
protective immunity. Upon prophylactic vaccination, 1V209-Cho-
Lip"+OVA demonstrates superior efficacy in delaying tumor
development and increasing survival rates. Moreover, therapeutic
tumor challenge experiments reveal that 1V209-Cho-Lip*+OVA
inhibits tumor progression significantly. More strikingly, the
combination of 1V209-Cho-Lip™+OVA with anti-PD-1 effec-
tively suppresses tumor immunosuppression and achieves potent
therapeutic antitumor effects. In conclusion, the present choles-
terolized TLR7 agonist cationic liposomal vaccine candidate
represents a promising approach for co-encapsulation of antigens
and adjuvants, offering great potential as a highly potent and
durable preventive vaccine against cancer in humans.
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