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KEY WORDS Abstract  For cancer immunotherapy, triggering toll-like receptors (TLRs) in dendritic cells (DCs) can
potentiate antigen-based immune responses. Nevertheless, to generate robust and long-lived immune re-

Lipid-polymer hybrid sponses, a well-designed nanovaccine should consider different locations of TLRs on DCs and co-deliver

TLI;;H;IZ)?E:IGS’ both antigens and TLR agonist combinations to synergistically induce optimal antitumor immunity. Here-

combinations; in, we fabricated lipid-polymer hybrid nanoparticles (LPNPs) to spatio-temporally deliver model antigen
Ovalbumin; ovalbumin (OVA) on the surface of the lipid layer, TLR4 agonist monophosphoryl lipid A (MPLA) within
Monophosphoryl lipid A; the lipid layer, and TLR7 agonist imiquimod (IMQ) in the polymer core to synergistically activate DCs
Imiquimod; by both extra- and intra-cellular TLRs for enhancing adaptive immune responses. LPNPs-based nanovac-
Nanovaccine; cines exhibited a narrow size distribution at the mean diameter of 133.23 nm and zeta potential of
Spatio-temporal manner; —2.36 mV, showed a high OVA loading (around 70.83 pg/mg) and IMQ encapsulation efficiency

Cancer immunotherapy (88.04%). Our data revealed that LPNPs-based nanovaccines showed great biocompatibility to immune

cells and an excellent ability to enhance antigen internalization, thereby promoting DCs maturation and
cytokines production. Compared to Free OVA, OVA-LPNPs promoted antigen uptake, lysosome escape,
depot effect and migration to secondary lymphatic organs. In vivo immunization showed that IMQ-
MPLA-OVA-LPNPs with dual agonists induced more powerful cellular and humoral immune responses.
Moreover, prophylactic vaccination by IMQ-MPLA-OVA-LPNPs effectively suppressed tumor growth
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and increased survival efficacy. Hence, the nanovaccines we fabricated can effectively co-deliver antigens
and different TLR agonists and realize coordinated stimulation of DCs in a spatio-temporal manner for
enhanced immune responses, which provides a promising strategy for cancer immunotherapy.

© 2022 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical
Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

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

1. Introduction

Cancer poses a serious threat to human life and health. There are
about 24.5 million cancer cases and 9.6 million deaths worldwide
every year' . However, the results of cancer treatment are still
not optimistic enough, mainly because tumors can induce immu-
nosuppression by blocking the immune system from recognizing
tumor-associated antigens (TAAs), or by actively suppressing
immune effector cells to prevent them from killing tumor cells*. In
recent years, immunotherapy has emerged as a novel and prom-
ising strategy, showing distinct advantages over traditional cancer
treatment paradigms (chemotherapy and radiotherapy) including
reduced side effects, increased specificity and long-term anti-
tumor responses. Immunotherapy aims at activating anti-tumor
immunity by training the body’s immune system to correctly
recognize antigen specificity and promoting the proliferation and
function of effector cells’. Professional antigen-presenting cells
(APCs), especially dendritic cells (DCs), play a vital role in this
process’. DCs are the bridge between innate and adaptive immune
responses’. After the antigen being captured and processed, the
DCs present antigen-associated peptide to T cells to elicit CD8™"
cytotoxic T lymphocyte (CTL) responses via MHC-I molecules or
to activate CD4" T cells-mediated humoral immunity via MHC-II
molecules®®. Therefore, the key to the success of immunotherapy
is how to most effectively regulate DCs to induce desired immune
responses.

Nanoparticles have many benefits that make them appropriate
for eliciting immune responses by delivering payloads to DCs and
improving the efficacy of cancer immunotherapy’ '*. For
example, nanoparticle vaccine delivery systems provide the ability
to protect the loaded bioactive molecules, allow co-encapsulation
of antigens and multiple adjuvants, control their delivery and
function in a spatio-temporal manner, and engineer DCs for potent
T cell activation'>'®. Among them, liposomes and polymeric
nanoparticles have been widely studied as potential vaccine plat-
forms'”"'®. Nevertheless, liposomes have several limitations such
as lack of structural integrity, insufficient drug loading and fast
drug leakage. Polymeric nanoparticles suffer from lower
biocompatibility and insufficient encapsulation of hydrophilic
drugs. To overcome the disadvantages of liposomes and polymeric
nanoparticles, lipid-polymer hybrid nanoparticles (LPNPs) have
emerged as an innovative nanoparticle delivery system, which is
formed by a polymer core enveloped with a single- or multiple-
lipid layer. LPNPs not only exhibit high stability and biocom-
patibility, but also show improved encapsulation and reduced
leakage of drugs. Furthermore, LPNPs have a latent capacity as a
vaccine delivery system due to that their structures are similar to
viral architecture'”.

Delivery of vaccine to DCs can be accomplished in many
diverse ways, in which antigens and immunostimulants encapsu-
lated within the same nanoparticles have demonstrated success-
ful antigen (cross-) presentation and CTL responses, leading to

improved immunotherapeutic efficacy”” %, For example, Wilson
et al.”® formulated a pH-responsive nanoparticle vaccine for co-
delivery of ovalbumin (OVA) antigen and toll-like receptor
(TLR) agonist, which significantly enhanced the antigen-specific
CD4% and CD8™ T cell responses. Recent studies revealed that
combined activation of immune cells via different TLR agonists
could further augment the antigen-specific immune responses.
Kasturi et al.>* confirmed that the combination of two TLR ago-
nists with different signaling mechanisms enhanced antigen-
specific T cell responses and the production of neutralizing anti-
bodies compared to a single TLR ligand. Signaling via TLR7
depends on the adapter molecule myeloid differentiation primary-
response gene 88 (MYDS88), while signaling via TLR4 involves
both MYD88 and Toll/IL-1R (TIR)-domain-containing adapter
protein inducing interferon-8 (TRIF) pathways>>. Therefore, the
combination of TLR4 and TLR7 agonists is likely to mediate a
stronger immune response.

Monophosphoryl lipid A (MPLA), an agonist of TLR4, can
induce a strong Thl-biased immune response while significantly
reducing the toxicity of LPS to 100—10, 000 times*® *°. MPLA
has been successfully employed in several commercial vaccines in
the treatment of cervical cancer (Cervarix®), hepatitis
(Fendrix®), and malaria (RTS, S®)*’. Imiquimod (IMQ), an
agonist of TLR7, is a promising DCs activator and has been
approved by FDA as an immunomodulatory agent®™’'. Topical
administration of IMQ has shown effectiveness in the treatment of
several skin diseases. Aldara® (IMQ 5% cream) has been
approved for the treatment of external genital warts, actinic
keratosis, and superficial basal cell carcinoma®. TLR4 locates
both on the cell membrane and in the endosomes, while TLR7 is
an endosomal receptor. Studies demonstrated that the cellular
location of TLRs can strongly influence the TLR ligand accessi-
bility and regulate the subsequent immune response’**. Thus,
appropriate TLR agonists selection and rational design of partic-
ulate vaccine are critically important to precisely control the im-
mune responses and achieve better immunotherapeutic effects.

In this work, we sought to develop a novel versatile LPNPs
nanovaccine system (IMQ-MPLA-OVA-LPNPs) to co-deliver
antigen and synergistic TLR agonists to the same DCs in a
spatio-temporal manner for enhancing antigen-specific immune
responses (Scheme 1). FDA-approved biodegradable polymers
poly(e-caprolactone) (PCL) and poly(ethylene glycol) (PEG) were
used to construct the inner polymer core of LPNPs, while 1,2-
dioleoyl-3-trimethylammonium-propane (DOTAP) which has
been proved to promote antigen uptake, lysosomal escape, and DC
maturation was used as the lipid layer to decorate on the outer
surface of the inner polymer core®”. Considering the locations of
TLR4 and TLR7 on DCs, TLR7 agonist IMQ was incorporated
into the hydrophobic polymer core of the LPNPs, while TLR4
agonist MPLA was decorated within the outer lipid layer. At the
same time, the OVA model antigen was adsorbed by the positive
DOTAP and dispersed on the outer layer of the LPNPs. After
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immunization, the MPLA on the LPNPs’ surface would bind with
extracellular TLR4, thus enhancing the uptake of LPNPs nano-
vaccines by DCs. Then, the DOTAP facilitated antigen escape and
cross-presentation via its “sponge effect”. In addition, the released
IMQ would ligate with endosome-associated TLR7. The syner-
gistic stimulation of DCs by extracellular TLR4 and intracellular
TLR7 signaling pathway can induce powerful cellular and hu-
moral immune responses, thus achieving better prophylactic
vaccination efficacy against EG7-OVA tumor model. The LPNPs-
based nanovaccines can spatio-temporally deliver intra- and
extracellular TLR agonists to enhance antigen-specific immune
responses, holding great promise to be developed as rational and
versatile vaccines for effective cancer immunotherapy.

2. Materials and methods
2.1. Materials

PCL-PEG-PCL triblock copolymer was synthesized according to
our previous literature®®>’. DOTAP, rhodamine-PE, and MPLA
were obtained from Avanti Polar Lipids (Alabaster, AL, USA).
OVA and FITC were purchased from Sigma-Aldrich (St. Louis,
MO, USA). IMQ was obtained from Tokyo Chemical Industry
Company (St. Louis, MO, USA). Recombinant murine TNF-«, IL-
4, and GM-CSF were obtained from Peprotech (Rocky Hill, NJ,
USA). Fluorochrome-labeled CDI11c, CD3, CD8, CD4, CDS86,
CD80, CD40, CD69, CD44, and CD62L antibodies were pur-
chased from eBioscience (San Diego, CA, USA). Pierce™ BCA
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Schematics of the preparation of OVA-loaded DOTAP-LPNPs with dual agonists and proposed mechanisms in cancer

protein assay kit was obtained from Thermo Fisher Scientific
(Waltham, MA, USA). DAPI and Lyso Tracker-Red DND-99 were
acquired from Beyotime Biotechnology (Shanghai, China). Fe-
male C57BL/6 mice were acquired from Beijing Vital River
Laboratory Animal Technology Co., Ltd. (Beijing, China). All
animals were treated according to the protocol approved by Chi-
nese Academy of Medical Science and Peking Union Medical
College.

2.2.  Preparation and characterization of LPNPs-based
nanovaccines

DOTAP cationic lipid-polymer hybrid nanoparticles (DOTAP-
LPNPs) were formulated using thin-film rehydration method™®.
Briefly, PCL-PEG-PCL copolymer (20 mg) and DOTAP (1 mg)
were dissolved in dichloromethane (DCM). Then, DCM was
totally evaporated to obtain a thin-film layer. After hydrating the
thin-film with 5 mL of ultra-pure water (65 °C, 5 h), the
dispersion was sonicated by a VCX-130-PB microtip probe
sonicator (Sonics & Material Inc., Newtown, CT, USA) for
10 min. The resulted DOTAP-LPNPs dispersion was mixed
with OVA solution (1 mg/mL, 1.5 mL) at 4 °C to form OVA-
loaded DOTAP-LPNPs. OVA-loaded DOTAP-LPNPs contain-
ing IMQ and/or MPLA were prepared by additional adding IMQ
(100 pg) and/or MPLA (10 pg) in DCM with the copolymer and
DOTAP and then prepared as described above.

The morphology of the DOTAP-LPNPs was observed by
transmission electron microscope (TEM, FEI Co., Eindhoven,
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Netherlands). To directly observe the lipid layer, larger DOTAP-
LPNPs with rhodamine-PE-labeled lipid layer were formulated by
additional adding 0.2% rhodamine-PE and sonicating only 1 min
instead of 10 min. After that, confocal laser scanning microscope
(CLSM710, Carl ZEISS, Jena, Germany) was used to observe the
obtained DOTAP-LPNPs. The particle size and zeta potential of
the various LPNPs-based nanovaccines were measured via a
NanoZS Zetasizer (Malvern Instruments Ltd., Worcestershire,
UK).

To determine the OVA loading content (LC) and encapsulation
efficiency (EE), Pierce™ BCA Protein Assay Kit was utilized to
evaluate the amounts of unbound OVA in supernatant. The LC and
EE were determined as Egs. (1) and (2), respectively:

LC (%) = (Total protein — Unadsorbed protein) / Total dry
weight of nanovaccines x 100 D

EE (%) = (Total protein — Unadsorbed protein) / Total
protein x 100 (2)

To study the in vitro OVA release, OVA-loaded DOTAP-LPNPs
dispersion was put in a dialysis bag and kept shaking in pH 7.4
PBS solution at 37 °C. The whole PBS solution was removed and
replaced with fresh PBS at the predetermined time. The amounts
of OVA released in the PBS solution were measured using BCA
assay.

To evaluate the LC and EE of IMQ, the lyophilized IMQ-
loaded LPNPs were dissolved in DMSO and then measured by
UV—Vis spectrophotometer (Lambda35, PerkinElmer, Waltham,
MA, USA) at 325 nm. The LC and EE were calculated according
to Egs. (3) and (4), respectively:

LC (%) = (Amount of loaded drug / Amount of
LPNPs) x 100 3)

EE (%) = (Amount of loaded drug / Amount of feeding
drug) x 100 )

To study the IMQ release, IMQ-loaded LPNPs were dialyzed
against PBS solution (pH 7.4 and 5.5) as described above. IMQ
released in the PBS solution was extracted with DCM twice and
then dissolved in DMSO after DCM was evaporated. Following
that, the absorbance of IMQ solution was measured at 325 nm
using UV—Vis spectrophotometer (PerkinElmer).

2.3.  Invitro DCs maturation

Bone marrow dendritic cells (BMDCs) were isolated and cultured
as previously described®’. Then, the obtained immature DCs were
cultured with Free OVA or various OVA-loaded DOTAP-LPNPs
for 24 h. Afterwards, the DCs were collected to stain with PerCP-
Cy5.5-anti CD11c, APC-anti CD80, FITC-anti CD86 and PE-anti
CD40, and then analyzed by flow cytometry (BD FACSCalibur,
Franklin Lake, NJ, USA).

2.4.  Invitro cytotoxicity of LPNPs-based nanovaccines

DCs viability following different treatments was measured using
MTS assay. Briefly, BMDCs (1 x 10° cells/well) were cultured in
96-well plates overnight, and then incubated with various LPNPs-
based nanovaccines at OVA concentrations ranged from 6.25 to

100 pg/mL for 24 h. Afterwards, MTS reagent was added into
each well and incubated at 37 °C for 2 h. Finally, the absorbance
at 490 nm was determined by a Thermo Scientific microplate
reader (Thermo Varioskan Flash3001, Waltham, MA, USA).

2.5.  Antigen uptake and intracellular localization in BMDCs

Immature BMDCs were cultivated with OVA-FITC or LPNPs-
based OVA-FITC nanovaccines (equivalent 10 ng/mL OVA) for
16 h at 37 °C. After washing with PBS (10 mmol/L, pH 7.4), the
cells were stained with anti-CD11c antibody solution to identify
DCs. The percentage of CD11c™ OVA-FITC™ cells was deter-
mined using a BD FACSCalibur.

To further determine antigen intracellular localization and
lysosomal escape, immature BMDCs were cultivated with Free
OVA-FITC or various LPNPs-based OVA-FITC nanovaccines
(16 h, 37 °C). Then, the cells were washed thrice to remove the
spare OVA-FITC. Next, the cells were stained with Lyso Tracker
Red DND-99 to visualize late endosomes and lysosomes as well
as labeled with DAPI to visualize the nucleus. Finally, CLSM
(Carl ZEISS) was used to record the fluorescent images. The co-
localization level of OVA-FITC and lysotracker was calculated by
Zeiss LSM software (Carl ZEISS, Jena, Germany).

2.6. Invivo tracking of LPNPs-based nanovaccines

Female C57BL/6 mice were subcutaneously administered with
rhodamine-labeled OVA or various LPNPs-based OVA-rhodamine
nanovaccines on their tail base. The in situ fluorescent signals at
draining lymph nodes (LNs) and injection sites were detected by
CRI Maestro imaging system (CRI, MA, USA) (filter sets: Ac,
560 nm; A.p, 600 nm). 6 days after injection, inguinal LNs were
isolated to acquire ex vivo fluorescence images. The acquired im-
ages were further analyzed by CRI Maestro software (MA, USA).

2.7.  Invivo activation of DCs on draining LNs

Female C57BL/6 mice were subcutaneously administered with
PBS, Free OVA or various LPNPs-based nanovaccines at OVA
dose of 25 pg per mouse. On Day 7, the inguinal LNs were cut out
and triturated into cell suspension. After staining with PerCP-
Cy5.5-anti-CD11c, FITC-anti-CD86, PE-anti-CD40, APC-anti-
MHC 1, FITC-anti-MHC II, the cells were detected by FACS
(BD) to assess the surface markers on DCs.

2.8.  In vivo immunization studies

Female C57BL/6 mice were immunized with PBS, Free OVA or
various LPNPs-based nanovaccines including OVA-LPNPs,
MPLA-OVA-LPNPs, IMQ-OVA-LPNPs, and IMQ-MPLA-OVA-
LPNPs by subcutaneous injection on Day 0 and Day 14 (25 pg
OVA/mouse). Blood was collected on Days O (prior to the priming
vaccination), 7, 14 (prior to boosting) and 21 for analysis of OVA-
specific IgG and IgG isotypes (IgG2a and IgG1) using ELISA Kkits.
7 days after boost immunization, splenocytes were obtained and
re-stimulated with 50 pg/mL Free OVA for 72 h in a 24-well plate.
Then, the supernatants were collected to analyze the production of
IFN-v and TNF-« by ELISA kits. After washing, the splenocytes
were labeled with FITC-anti-CD3e, APC-anti-CD4, PE-anti-CDS,
FITC-anti-CD19, PerCP-Cy5.5-anti-CD69, FITC-anti-CD44,
PerCP-CyS5.5-anti-CD62L and APC-labeled SIINFEKL/H-2Kb
pentamer for FACS (BD) measurement.
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2.9.  Invivo tumor challenge

To assess the prophylactic effect, C57BL/6 mice were randomly
separated into 5 groups (n = 8) and vaccinated twice as described
above. Seven days post the 2nd vaccination, 1 x 10® EG7-OVA
cells were subcutaneously administered into the right flank of
the mice. Tumor size was monitored over time by an electronic
digital caliper (GUANGLU, ARZ-1331, Guilin, China). Tumor
volume was determined by the following formula:
length x width?/2. For the survival study, the mice were consid-
ered dead when the tumor length was greater than 20 mm.

2.10.  Statistical analysis

Data were presented as mean =+ standard deviation. Statistical
differences were assessed using One-way ANOVA method. Sta-
tistical significance was considered when P-value < 0.05.

3. Results and discussion

3.1.  Preparation and characterization of LPNPs-based
nanovaccines

OVA-loaded DOTAP-LPNPs containing IMQ and/or MPLA were
successfully fabricated using thin-film rehydration method
(Scheme 1). The prepared LPNPs comprised three functional as-
semblies: 1) an inner hydrophobic core for the encapsulation of
lipophilic immunostimulant IMQ (TLR7 agonist), 2) an interfacial
surface for the attachment of MPLA (TLR4 agonist), and 3) a
cationic DOTAP layer for electronic adsorption of model antigen
OVA. Fig. 1A showed CLSM images of the DOTAP-LPNPs,
where the lipid shells were labeled by rhodamine-PE. The
apparently observed red shell demonstrated that a lipid layer was
successfully created on the surface of the DOTAP-LPNPs using
the above-mentioned preparation method. Meanwhile, TEM im-
ages of DOTAP-LPNPs showed a clear lipid shell enveloping on
the surface (Fig. 1B), whereas the formulated OVA-loaded
DOTAP-LPNPs were spherical in shape with visible particles
attached on the NPs (Fig. 1C and D), demonstrating the successful
adsorption of OVA antigen via cationic DOTAP lipid. The
DOTAP-LPNPs had a positive surface charge of around 23 mV.
After adsorbing OVA on the cationic layer of the DOTAP-LPNPs
via electrostatic interactions, the zeta potential changed to a
slightly negative charge (around —2 mV), further confirming that
OVA was loaded on the surface of the LPNPs. As shown in
Fig. 1E, OVA-loaded DOTAP-LPNPs exhibited a narrow size
distribution. In vitro release study showed that OVA antigen was
released rapidly from the OVA-loaded DOTAP-LPNPs, contrib-
uting to that OVA was physically adsorbed on the surface of the
nanovaccines (Fig. 1F). The LC and EE of IMQ were 0.42% and
88.04%, respectively. As shown in Fig. 1G, IMQ was released in a
slow and sustained manner, due to the encapsulation within the
inner hydrophobic core of the nanovaccines. In addition, accel-
erated IMQ release was observed at pH 5.5, ascribing to the
protonation of aromatic amines in IMQ at acidic conditions*’. The
enhanced IMQ release at a reduced pH value is favorable for the
binding of IMQ with TLR7 at the acidic endosome. Using the
above method, a set of OVA-loaded DOTAP-LPNPs containing
IMQ and/or MPLA was constructed as nanovaccines. As shown in
Table 1, these LPNPs-based nanovaccines showed similar OVA
loading content, particle size, and zeta potential. These results

indicated that the lipophilic IMQ encapsulated within the core
and/or the MPLA incorporated at the interfacial surface did not
substantially change the physicochemical properties of the
LPNPs-based nanovaccines.

3.2.  The effect of LPNPs-based nanovaccines on cell viability,
antigen internalization and DCs activation in vitro

First, in vitro cytotoxicity of Free OVA as well as various OVA-
loaded DOTAP-LPNPs in DCs was evaluated using MTS assay.
The results showed that all the formulations at the OVA concen-
tration ranged from 6.25 to 100 pg/mL and did not affect the
survival of DCs, indicating the great biocompatibility of the pre-
pared cationic LPNPs to immune cells (Fig. 2A).

Then, the antigen internalization by DCs, which was the first
step to induce specific immune responses, was quantitatively
determined by flow cytometry. The data showed that all OVA-
loaded DOTAP-LPNPs significantly increased the cellular uptake
of OVA-FITC by DCs, demonstrating their great capability of
enhancing antigen internalization (Fig. 2B). After uptake, the
internalized antigens are processed in the lysosome to activate
CD4™" T cells via MHC class II presentation route or enter into the
cytosol to trigger CD8" T cells activation through MHC class I
pathway*'. Effective vaccination against cancer often requires
activation of CD8" T cells to induce vigorous CTL responses*”.
Thus, the intracellular antigen processing is critically important
for triggering effective T cell immune responses. In our study,
BMDCs were cultivated with Free OVA-FITC or various OVA-
FITC LPNPs and the intracellular OVA localization was observed
using confocal microscopy. As shown in Fig. 2C, weak green
fluorescence was detected in BMDCs after incubating with Free
OVA-FITC for 16 h, indicating poor uptake of soluble OVA by the
endo/lysosome pathway. In contrast, the OVA-loaded DOTAP-
LPNPs dramatically enhanced green fluorescence in BMDCs,
confirming their ability to facilitate cellular uptake of OVA anti-
gen. More importantly, Free OVA-FITC was nearly all overlapped
with lysosomes (labeled with Lyso Tracker Red), whereas OVA-
FITC from the OVA-loaded DOTAP-LPNPs was observed in both
lysosome and cytoplasm. The co-localization of Free OVA, OVA-
LPNPs, MPLA-OVA-LPNPs, IMQ-OVA-LPNPs, and IMQ-
MPLA-OVA-LPNPs was 79.88%, 62.18%, 55.63%, 59.83%, and
52.28%, respectively, demonstrating that DOTAP-LPNPs facili-
tated the lysosomal escape of OVA antigen.

After that, the effects of various formulated OVA-loaded
DOTAP-LPNPs on BMDCs maturation were evaluated by flow
cytometric analysis. As shown in Fig. 3, in comparison to Free
OVA, OVA-loaded DOTAP-LPNPs elevated the expression of
surface markers by 1.5—5.5-fold. In addition, OVA-loaded
DOTAP-LPNPs with immunomodulator IMQ and/or MPLA
further elevated the expression of CD40, CD80 and CDS86 to
different extents compared to the nanovaccines without immu-
nomodulator. More importantly, IMQ-MPLA-OVA-LPNPs with
dual immunomodulators induced the highest expression of co-
stimulatory (CD86 and CD80) and adhesion molecules (CD40).
The results indicated that OVA-LPNPs with dual TLR agonists
can synergistically activate DCs via both MPLA engaging with
extracellular TLR4 and IMQ binding to intracellular TLR7.

3.3.  Invivo tracking of OVA-loaded DOTAP-LPNPs

Forming a depot at the vaccination site is essential for the antigen
delivery system, which would prolong antigen exposure to the
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Figure 1  Characterization of OVA-loaded DOTAP-LPNPs. (A) CLSM images of rhodamine-PE labeled large LPNPs (scale bar: 20 um);
(B) TEM micrographs of DOTAP-LPNPs (scale bar: 100 nm); (C) and (D) TEM micrographs of OVA-loaded DOTAP-LPNPs (scale bar: 200 nm
(left), 20 nm (right)); (E) Size distribution of OVA-loaded DOTAP-LPNPs; (F) In vitro OVA release profile in PBS (pH 7.4) (n = 3); (G) In vitro
IMQ release profile in PBS (pH 7.4 and pH 5.5). Data are presented as mean 4+ SD (n = 3).

Table 1  Schematic representation and characterization of various OVA-loaded DOTAP-LPNPs (n = 3).
Nomenclature —/—/OVA —/MPLA/OVA IMQ/—/OVA IMQ/MPLA/OVA
Schematic

3

Description Empty interior, Empty interior, IMQ inside, IMQ inside,

OVA on surface MPLA coating, OVA on surface MPLA coating,
OVA on surface OVA on surface
Diameter (nm) 139.90 + 4.30 133.87 + 5.68 146.20 £ 4.97 133.23 £+ 4.09
Polydispersity index 0.17 + 0.02 0.22 + 0.02 0.20 4+ 0.01 0.16 + 0.01
Zeta potential (mV) —2.17 £ 0.51 —2.02 £ 0.36 —2.74 £ 0.32 —2.36 £+ 0.40
OVA content (png/mg) 72.65 + 3.79 71.95 + 4.12 73.26 + 4.68 70.83 + 3.64

OVA, ovalbumin; MPLA, monophosphoryl lipid A; IMQ, imiquimod.
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Figure 2 The cytotoxicity, cellular internalization and localization of Free OVA and various OVA-loaded DOTAP-LPNPs in BMDCs.
(A) In vitro cytotoxicity of BMDCs after cultivating with Free OVA and various OVA-loaded DOTAP-LPNPs for 24 h. Data are presented as
mean £ SD (n = 3). (B) Quantification of OVA internalization and (C) intracellular localization in BMDCs after cultivating with Free OVA or
various OVA-loaded DOTAP-LPNPs for 16 h. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001 vs. indicated.
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immune system and enhance the antigen capture by the immune
cells™*°. Migration of activated DCs to draining LNs is another
important factor to initiate adaptive immunity*® **, To evaluate
the antigen depot effect and DCs migration, mice were subcuta-
neously administered with rhodamine-labeled OVA or rhodamine-
labeled OVA-loaded DOTAP-LPNPs at the tail base and visual-
ized the fluorescent signal at the injection site and inguinal LNs.
As presented in Fig. 4A, the fluorescent signals of the injection
sites decreased rapidly and nearly disappeared at 48 h after the
injection of Free OVA. However, for OVA-loaded DOTAP-LPNPs,
strong fluorescence signals were detected even at 144 h after in-
jection, indicating depot effect of OVA-loaded DOTAP-LPNPs at
the injection site. The fluorescence intensity was further quanti-
tatively analyzed by CRI Maestro Analysis software, and the re-
sults were coincident with the qualitative results (Fig. 4B). Mice

vaccinated  with OVA-loaded DOTAP-LPNPs displayed
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significantly stronger fluorescence signals in the inguinal draining
LNs than those vaccinated with Free OVA at 24 h after injection,
suggesting that OVA-loaded DOTAP-LPNPs can efficiently
deliver antigen to the LNs (Fig. 4C). Inguinal draining LNs were
isolated for ex vivo fluorescent imaging 6 days after injection. As
shown in Fig. 4D, the OVA-loaded DOTAP-LPNPs group showed
a strong fluorescent signal in the draining LNs, while a very weak
fluorescent signal was observed for the Free OVA group, further
confirming that OVA-loaded DOTAP-LPNPs can enhance accu-
mulation and residence of antigen in the draining LNs.

3.4. Invivo activation of DCs by LPNPs-based nanovaccines in
draining LNs

After confirming that OVA-loaded DOTAP-LPNPs facilitated
DCs migration to the draining LNs, in which naive T cells are

96 h

144 h

OVA-LPNPs high

OVA-LPNPs Free OVA PBS U

low

In vivo visualization of OVA-loaded DOTAP-LPNPs. (A) NIR fluorescence imaging and (B) quantitative fluorescence intensity of

OVA antigen at the tail base (n = 3). (C) Representative fluorescence imaging of draining LNs at 24 h after administration of Free OVA or OVA-
loaded DOTAP-LPNPs. (D) Ex vivo fluorescent image of isolated LNs at 6 days after injection (n = 3).
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being educated by DCs, the ability of different LPNPs-based
nanovaccines in activating DCs there was still unknown. Then,
the expression of co-stimulatory molecules (CD86 and CD40)
and MHC molecules (MHC I and MHC II) on DCs in the
draining LNs were assessed by FACS. As presented in Fig. 5,
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LPNPs-based nanovaccines expressed 2.6—3.1-fold higher
CD40, 2.1-2.6-fold higher MHC I, and 2.3—3.0-fold higher
MHC II than Free OVA. Although OVA-LPNPs and IMQ-OVA-
LPNPs slightly elevated CD86 expression in comparison to Free
OVA, MPLA-OVA-LPNPs and IMQ-MPLA-OVA-LPNPs
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The population and percentage of CD4" and CD8" T cells in splenocytes purified from mice vaccinated with Free OVA or various
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indicated.

greatly promoted the percentage by 4.2- and 6.0-fold, respec-
tively. In addition, IMQ-MPLA-OVA-LPNPs with dual agonists
elicited significantly higher levels of CD86 than LPNPs-based
nanovaccines without or with only one agonist. The MHC I
expression on DCs immunized with IMQ-MPLA-OVA-LPNPs
was also significantly greater than other groups except for
MPLA-OVA-LPNPs. In comparison to IMQ-OVA-LPNPs with
TLR7 agonist, MPLA-OVA-LPNPs with TLR4 agonist were
more efficient in activating DCs, especially significantly pro-
moting CD86 expression. This was probably due to that MPLA
was incorporated within the lipid layer of the MPLA-OVA-
LPNPs, thus it can be directly recognized by the TLR4, which is
present on the surface of the DCs. The interaction of MPLA and
TLR4 facilitated the internalization of MPLA-OVA-LPNPs and
subsequently activated DCs via TLR4 signaling pathway.
However, for IMQ-OVA-LPNPs, the hydrophobic IMQ was
encapsulated in the hydrophobic polymer core. After uptake by
DCs, only when the IMQ was released in the endosome, can it
ligate with TLR7 which was expressed within endosomal
compartment to activate DCs via TLR7 signaling pathway.
Taken together, these results indicated that LPNPs-based nano-
vaccines promoted DCs maturation in draining LNs and IMQ-
MPLA-OVA-LPNPs with spatio-temporal delivery of both intra-
and extracellular TLR agonists was most effective probably due
to the synergistic effect of multiple TLRs in activating DCs via
triggering different signaling pathways.

3.5.  In vivo immunization results

To assess the effect of LPNPs-based nanovaccines on cellular
immune response, the mice were vaccinated two times with

different samples and then the splenocytes were obtained and
stimulated with OVA. After that, the resulted cells were labeled by
fluorescent antibodies against CD3, CD8, CD4, CD19, CD69,
SIINFEKL-MHC 1, CD44, CD62L and measured using flow
cytometry (BD).

First, OVA-specific CD4" and CD8™" T cells were measured to
evaluate the generation degree of antigen-specific T cells in mice
vaccinated with various preparations. As shown in Fig. 6, OVA-
LPNPs induced more efficient proliferation of CD4" and CD8* T
cells than Free OVA did. Greater T cell proliferation was observed
in mice immunized with IMQ-OVA-LPNPs and MPLA-OVA-
LPNPs as compared to OVA-LPNPs. More importantly, IMQ-
MPLA-OVA-LPNPs with dual adjuvants further enhanced CD4™
and CD8" T cell proliferation.

Then, the expression of CD69, a surface marker of T- and B-
lymphocyte activity was analyzed to assess the activation of
effector immune cells’’. OVA-LPNPs triggered significantly
higher CD69 than Free OVA did, indicating the efficient activation
of B cells, CD4* and CD8™" T cells after encapsulation of OVA in
the LPNPs (Fig. 7A—C). MPLA-OVA-LPNPs further upregulated
the CD69 expression on CD4" T cells and B cells compared to
OVA-LPNPs. Moreover, in comparison to OVA-LPNPs with only
one adjuvant, IMQ-MPLA-OVA-LPNPs with dual adjuvants
significantly enhanced the CD69 expression on B cells. The CD69
expression on CD4" and CD8" T cells was also significantly
elevated by IMQ-MPLA-OVA-LPNPs compared to IMQ-OVA-
LPNPs.

Next, antigen-specific CD8" T cell response was detected
through staining re-stimulated splenocytes by SIINFEKL-MHC I
(H-2Kb) pentamer. It was found that all OVA-loaded DOTAP-
LPNPs with adjuvant were able to elicit higher OVA-specific
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Data are presented as mean £ SD (n = 8). **P < 0.01, ***P < 0.001 and ****P < 0.0001 vs. indicated.

CDS8™ T cells than Free OVA control and OVA-LPNPs without
adjuvant (Fig. 7D). MPLA-OVA-LPNPs induced higher immune
responses than IMQ-OVA-LPNPs, while IMQ-MPLA-OVA-
LPNPs exhibited the greatest frequency of antigen-specific CD8™"
T cells among all the OVA-loaded DOTAP-LPNPs.

The eventual aim of a vaccine is to generate long-term
immunological memory, which can quickly engender robust hu-
moral and cellular immune responses when encountering the
pathogens and result in preventing reinfection or reducing the
severity of disease’’. Memory T lymphocytes can be distin-
guished as effector memory (Tgy) and central memory (Tcym)
cells. The Tgy elicits immediate effector T cells (T helper cells
for CD4" and CTLs for CD8™), while Tcy, cells guarantee long-
term protection’’. In the present study, Tcy marker
(CD44"CD62L™) and Tgy marker (CD44MCD62L°Y) were
determined by FACS (BD) to evaluate the memory T cell re-
sponses. As shown in Fig. 8, OVA-LPNPs exhibited significantly
greater Tgy; of CD4%" and CD8" T cells than Free OVA. MPLA-
OVA-LPNPs further significantly increased the percentage of Tgy
in CD4" and CD8" T cells as well as Tcy in CD4™ T cells than
OVA-LPNPs without immunostimulant and IMQ-OVA-LPNPs

with TLR7 agonist. The different TLR4 and TLR7 localization on
DCs, the spatio-temporal delivery of MPLA and IMQ via LPNPs,
as well as the sustained release of IMQ within the endosomal
compartment led to the results that MPLA-OVA-LPNPs achieved
a higher level of T cell immune memory than IMQ-OVA-LPNPs
did. More importantly, IMQ-MPLA-OVA-NPs with dual immu-
nostimulants generated the highest Tcy and Tgy of CD4" and
CD8" T cells, demonstrating the strongest T cell memory
responses.

3.6.  The effect of LPNPs-based nanovaccines on antigen-
specific antibody responses and cytokine secretion in mice

The effect of LPNPs-based nanovaccines on inducing humoral
immune response was evaluated in vivo. C57BL/6 mice were
subcutaneously injected with Free OVA or various OVA-loaded
DOTAP-LPNPs twice at a 2-week interval, and anti-OVA anti-
bodies were determined by ELISA on Days 7, 14, and 21 post first
immunization. On Day 7, the anti-OVA IgG titers of all samples
were below detection limit. On Day 14, although all groups
showed low titers, LPNPs-based vaccines produced significantly



4498

Nannan Wang et al.

higher anti-OVA IgG titers than Free OVA did (Fig. 9A). On Day
21 (7 days post-boost), the anti-OVA IgG titers of all groups
augmented dramatically but the differences among them still
existed. Anti-OVA IgG titers (log 10) of mice immunized with
OVA-LPNPs, MPLA-OVA-LPNPs, IMQ-OVA-LPNPs and IMQ-
MPLA-OVA-LPNPs increased to 4.41, 4.56, 4.51, and 4.71,
respectively, which were significantly higher than that of treated
with Free OVA (2.56). This result demonstrated that TLR stimu-
lation can increase the magnitude of antibody responses, which
was in consistent with previous reports>*. Then, the IgG isotypes
were analyzed to evaluate the effect of LPNPs-based nanovaccines
on eliciting Th1 or Th2 biased humoral immune response. IgG2a
isotype is associated with a Thl response, while Th2 response
promotes the production of IgG1 isotype’>. As shown in Fig. 9B,
the LPNPs-based vaccines elevated a higher ratio of 1gG2a/IgG1
than Free OVA and IMQ-MPLA-OVA-LPNPs elicited the highest
IgG2a to IgG1 ratio, indicating that encapsulating OVA and TLR
agonists facilitated anti-OVA specific Thl polarization. In addi-
tion, IFN-v, a typical Thl cytokine, was also promoted by
1.89—2.41-fold in mice treated with LPNPs-based nanovaccines
compared with Free OVA (Fig. 9C). The elevated IFN-vy secretion
further confirmed the activation of T cell-dependent immune
responses53 . Moreover, TNF-«a, a cell-derived inflammatory
cytokine with powerful antitumoral activity, was significantly
augmented by LPNPs-based nanovaccines in comparison to Free
OVA (Fig. 9D). IMQ-OVA-LPNPs and MPLA-OVA-LPNPs with
single immunostimulant were more efficient in promoting TNF-«
than OVA-LPNPs, while IMQ-MPLA-OVA-LPNPs with dual
immunostimulants further significantly elevated TNF-« produc-
tion. The above results confirmed the good capacity of LPNPs-
based nanovaccines especially IMQ-MPLA-OVA-LPNPs with
dual immunostimulants for inducing Thl-skewed humoral and
cellular immune responses.

3.7.  Preventive effect of LPNPs-based nanovaccines on EG7-
OVA tumor occurring

To evaluate the prophylactic effect of various LPNPs-based
nanovaccines, C57BL/6 mice were intradermally immunized by
various formulations twice with a 2-week interval. 7 days post
the second immunization, the mice were challenged subcuta-
neously with 1 x 10° EG7-OVA tumor cells and the tumor
growth was monitored. As depicted in Fig. 10A, palpable tumors
were observed on Day 6 on all the mice treated with Free OVA
or PBS control, and then the tumor grew very rapidly. On Day
12, the tumor volume reached 590.8 + 236.6 mm’ and
838.1 + 254.5 mm® for Free OVA and PBS treated mice,
respectively, indicating that Free OVA had no protective effect
on mice against EG7-OVA tumor challenge. In contrast, the
tumor occurring was remarkably retarded by vaccination with
the formulated nanovaccines. Fig. 10B showed that the per-
centages of tumor-free mice were 62.5% (5 of 8 mice) for OVA-
LPNPs, IMQ-OVA-LPNPs and MPLA-OVA-LPNPs, and
increased to 87.5% (7 of 8 mice) for IMQ-MPLA-OVA-NPs
with dual immunomodulators on Day 12. On Day 24, all mice
vaccinated with OVA-LPNPs developed tumor, whereas one out
of eight mice treated with IMQ-OVA-NPs and MPLA-OVA-NPs
remained tumor free. More importantly, the nanovaccines with
dual immunomodulators were the most effective, since two out
of eight mice did not develop tumor at the end of the experiment
(Day 48). Survival analysis demonstrated that mice treated with
nanovaccines significantly prolonged survival compared to the

mice immunized with PBS or Free OVA (Fig. 10C). Moreover,
the nanovaccines with both MPLA and IMQ immunomodulators
further increased survival efficacy, exhibiting the longest sur-
vival with a median survival time of 37 days.

4. Conclusions

In the present study, LPNPs-based nanovaccines composed of
cationic DOTAP lipid and PCL-PEG-PCL copolymer have
been successfully fabricated for programmed co-delivery of
model antigen OVA, and dual-agonists (MPLA and IMQ) to
the same DCs. The IMQ-MPLA-OVA-LPNPs nanovaccines
with dual-agonists can synergistically stimulate intracellular
TLR7 via IMQ and extracellular TLR4 via MPLA, showing
excellent capability to promote DCs maturation both in vitro
and in vivo. Furthermore, LPNPs-based nanovaccines enhanced
internalization into DCs and migration to draining LNs, which
contributed to antigen cross-presentation and specific T-cell
activation, then induced robust antigen-specific CD8" T cell
response and Thl-biased antibody responses, achieved long-
lived T-cell memory. Upon prophylactic vaccination, IMQ-
MPLA-OVA-LPNPs efficiently inhibited tumor growth and
greatly increased survival efficacy. Taking together, the
formulated LPNPs-based nanovaccines offer an effective
approach to simultaneously deliver antigen and dual-agonists in
a spatio-temporal manner and hold considerable potential as
prophylactic vaccine in cancer immunotherapy. Further, abla-
tive therapeutic drugs such as radiosensitizers, chemothera-
peutics, and photosensitizers can be loaded into LPNPs
simultaneously to promote the in-situ release of TAAs to
achieve personalized prevention and treatment of cancer or
infectious diseases.
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