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Purpose: Alum adjuvant in HBV prophylactic vaccines is poor in inducing cellular immu-
nity with the inhibition of IL-12 secretion, and approximately 5-10% of immunised indivi-
duals fail to clear HBV upon infection. IL-12 plasmids (pIL-12) as adjuvants enhance
significant humoral and cellular immune response in vaccines. However, finding a novel
delivery system to protect pIL-12 from enzymatic degradation and achieve efficient delivery
remains a major challenge.

Methods: We prepared the chitosan nanovaccine-loaded IL-12 expression plasmid (termed
as “Ng(-)pIL-12”) and analysed the physicochemical properties, encapsulation efficiency and
safety. Then, we evaluated the efficiency of Ng(-)pIL-12 for prophylactic HBV vaccine.
Serum samples were collected and analysed for IL-12, HBsAg, anti-HBs IgG, IgG1 and
IgG2b. Liver tissues were collected and analysed for HBV DNA and RNA. BMDCs and
lymphocytes were collected and analysed for HBV-specific immune responses. To further
confirm the long-term protective immune response against HBV, these immunised mice were
challenged with hydrodynamic injection of pAAV/HBV 1.2 plasmid on day 56 after the
initiation of immunisation.

Results: Chitosan nanovaccine prepared with CS and y-PGA could load pIL-12 effectively
and safely, and IL-12 was efficiently produced in vivo. Interestingly, Ng(-)pIL-12 adjuvant
combined with HBsAg induced higher levels of anti-HBs IgG, IgG1 and 1gG2b, promoted
maturation and presentation capacity of DCs, especially CD8a/CD103" DCs. Meanwhile,
Ng(-)pIL-12 adjuvant generated robust HBV-specific CD8" T and CD4" T cell responses.
More importantly, Ng(-)pIL-12 adjuvant triggered terminally differentiated effector memory
responses with strong anti-HBV effects.

Conclusion: Chitosan nanovaccines as an efficient carrier adjuvant system for pIL-12
combined with HBsAg induced protective anti-HBs IgG and enhanced HBV-specific CD8"
T and CD4" T cell responses, and achieved long-term memory response against HBV,
making it a promising candidate for prophylactic HBV vaccines.

Keywords: nanovaccines, hepatitis B, prophylactic vaccine, CD8+ T cells, long-term

memory

Introduction

Currently, chronic hepatitis B virus (CHB) infection affects about 240 million
people around the world." Patients with hepatitis B virus (HBV) have a higher
risk of developing liver cirrhosis and hepatocellular carcinoma.' The current treat-
ment options for HBV infection include two classes of antivirals: Pegylated inter-
feron alpha2a (PegIFN) and nucleoside/nucleotide analogue.” However, these
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antiviral therapies achieve hepatitis B surface antigen
(HBsAg) loss in only a limited number of patients, result-
ing in a functional but not virological cure.’* Although
commercially available hepatitis B prophylactic vaccines
are widely used to prevent HBV infection, the overall
success rate of hepatitis B vaccination is approximately
90%,* and several million people are still at risk of HBV
infection.” Furthermore, alum adjuvant in hepatitis
B prophylactic vaccines is poor in inducing cellular immu-
nity and not an optimal adjuvant for vaccines, since alum
selectively inhibits the interleukin-12 (IL-12) secretion by
dendritic cells (DCs),® which in turn led to the impaired
ability of IFN-y production and cytolytic activity of NK
cells as well as inducing Thl-type immune responses.”
Accordingly, IL-12 has been employed as a potential adju-

vant 10,11

in prophylactic and therapeutic vaccines.
Additionally, some immunopotentiors such as CpG ODN
could also induce IL-12 production, indirectly contributing

to humoral and cellular immune responses
12-15

against
pathogens.
Exogenous IL-12 combined with HBV antigens facil-
itates the secretion of IFN-y in peripheral blood mono-
nuclear cells by augmenting the frequency of central
memory CD8" T cells."® However, clinical trials have
shown that the administration of recombinant IL-12 pro-
teins results in serious potential systemic toxicity with
instability and short half-life, which limits their therapeutic
potential.'” ' Therefore, designing new strategies to
achieve durable, local, nontoxic clinical responses to IL-
12 remains a challenge. Instead of immunising directly
with IL-12 adjuvant, administration of naked plasmid
DNA encoding IL-12 is nontoxic and more beneficial,
because the expression of IL-12 can be maintained at
low levels and will eventually taper progressively to
basal levels.'”?® IL-12 plasmids (pIL-12) have shown
promising results in preclinical and early phase clinical
studies.”'** Application of IL-12 plasmid in an HBV
DNA vaccine exhibited a significant enhancement of Thl
cells, as well as a marked inhibition of Th2 cells.?
However, a major challenge in plasmid immunisation is
the delivery of biomolecules and protection from enzy-
matic biodegradation until they reach the target cells.
Many biocompatible polymeric nanoparticle platforms
have been employed as immunomodulators and vaccine
carriers to improve immunotherapy.?*2° The tuned physi-
cochemical properties can promote the interaction between
nanoparticles and innate immune cells including dendritic
cells and macrophages.”’ Additionally, nanoparticle

delivery systems can further improve undesirable drug
properties, including better biocompatibility and chemical
stability in vivo, improved body distribution, longer

plasma half-lives, 28-30

and controlled drug release.
Nanoparticle-based targeted delivery can also diminish
off-target  toxicity and immune-related adverse
events.*'*? Currently, nanomedicines delivering immuno-
logical agents for cancer immunotherapy have already
shown promising results in preclinical and clinical
studies.>** For instance, folate-modified chitosan nano-
particles-mediated delivery of plasmid DNA encoding
interferon-inducible protein-10 (IP-10) promoted the
expression of IP-10 and efficiently enhanced the activity
of adoptive pMAGE-A1(278-286) specific CTLs against
transplanted human hepatocellular carcinoma.®*

Here, we prepared a chitosan nanovaccine as efficient
carrier adjuvant system for IL-12 expression plasmid (Ng
(-)pIL-12) and evaluated the adjuvant effect of Ng(-)pIL-
12 as a prophylactic HBV vaccine against pAAV/HBV1.2
challenge. Interestingly, Ng(-)pIL-12 adjuvant promoted
the maturation and antigen-presenting ability of DCs, and
induced robust HBV-specific CD8" and CD4" T cell
responses. More importantly, Ng(-)pIL-12 adjuvant trig-
gered the terminally differentiated effector memory
responses with strong anti-HBV effects against HBV

infection.

Materials and Methods

Animals and Reagents

Five- to six-week-old male C57BL/6J mice were pur-
chased from Beijing HFK Bioscience Co. Ltd (Beijing,
China). All animals were kept under specific pathogen-
free conditions. All animal experiments were approved
by the Institutional Animal Care and Use Committee of
the Shandong University, and performed in accordance
with the Guidelines for the Care and Use of Laboratory
of the Ethical
University. CS (molecular weight: 5 kDa; deacetylation:

Animals Committee of Shandong
85%) was purchased from Jinan Haidebei Marine
Bioengineering Co., Ltd (Jinan, China). y-PGA (molecu-
lar weight: 700 kDa) was purchased from Shandong
Mingren Freda Pharmaceutical Co., Ltd. (Jinan, China).
Recombinant HBsAg (Hansenula polymorpha) was pur-
chased from Dalian Hissen Bio-pharm. Co., Ltd. (Dalian,
China). Mouse colorectal cancer cells (CT-26) were pur-
chased from the cell bank of the Chinese Academy of
Sciences (Shanghai, China). A recombinant plasmid
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encoding the entire pIL-12, comprising p40 and p35, was
constructed previously in our laboratory. pAAV/HBV1.2
plasmid containing the full-length HBV DNA was kindly
provided by Pei-Jer Chen (NTU, Taiwan).

Preparation and Characterisation of the

Chitosan Nanoparticle

Ng(-)pIL-12 chitosan nanoparticle was prepared using the
ionic gelation method as described previously®> with some
modifications. Briefly, 400 uL of IL-12 plasmid (760 pg/mL
in sterile ddH,O) was added dropwise into 1 mL of y-PGA
solution (2 mg/mL in sterile ddH,0). After stirring for 20
min, an equal volume of CS solution (0.5 mg/mL which was
adjusted to pH 5.5 by 10% HAc) was added dropwise into
the solution. Another 20 min later, 1% NaOH was used to
modify the pH of this mixture to neutral. Then, the suspen-
sion was centrifuged at 10,000 x rpm for 10 min, and the
harvested nanoparticles (Ng(-)pIL-12) were re-dispersed in
1 mL of sterile ddH,O for the further experiments.

The particle size distribution and zeta potential of Ng
(-)pIL-12 were measured using the Malvern Zetasizer
Nano-ZS90 light
Instruments, Malvern, UK). The morphology of the Ng(-)
pIL-12 was examined using TEM (JEM-100CX II, Jeol,
Tokyo, Japan). The pIL-12 encapsulation efficiency was

dynamic scattering  (Malvern

measured directly by gel retardation analysis.

Vaccination and HBV Challenge

C57 BL/6] mice were injected intramuscularly with three
doses of PBS, 2 ug HBsAg alone, 5 pg naked pIL-12 alone, 2
pg HBsAg combined with 40 pg blank Ng(-) or 2 ug HBsAg
combined with 45 pg Ng(-)pIL-12 (40 pg Ng(-) containing 5
pg pIL-12) at two-week intervals, separately (Table 1). To
further evaluate the efficiency of Ng(-)pIL-12 adjuvant for
the prophylaxis of HBV, these immunised mice were chal-
lenged with hydrodynamic injection of 8 ug pAAV/HBV 1.2
plasmid on day 56 after the initiation of immunisation. Blood
samples were drawn from the lateral tail vein, and the serum
was stored at —80 °C until further analysis.

The Generation and Stimulation of Bone
Marrow-Derived Dendritic Cells
(BMDCGs) in vitro

Murine BMDCs were generated as previously described.*
Briefly, bone marrow (BM) cells were cultured in RPMI
1640 with 10 ng/mL rmGM-CSF (E. coli, BioLegend, San
Diego, USA) and 5 ng/mL rmIL-4 (E. coli, BioLegend, San

Zhao et al
Table | Vaccination Groups and the Formulations
Acronym Formulation Volume
(mL)
HBsAg IL-12 Chitosan | y-PGA
(ng) Plasmid (ng) (ng)
(ng)
PBS - - - - 100
piL-12 - 5 - - 100
HBsAg 2 - - - 100
HBsAg 2 - 8 32 100
+Ng(-)
HBsAg+ 2 5 8 2 100
Ng(-)plL-
12

Table 2 The Formulations Tested on CT-26 for IL-12 Assay and
BMDC:s for Maturation in vitro

Acronym Formulation
IL-12 Plasmid | Chitosan v-PGA
(ng/mL) (ng/mL) | (ng/mlL)
PBS - -
pIL-12 (I pg/mL) I - -
Ng(-) - 1.6 6.4
Ng(-)pIL-12 (I pg/mL) I 1.6 6.4

Diego, USA), and the medium was replaced on day 3 and 5.
Non-adherent cells were harvested on day 7, and CD11c"
BMDCs were identified and enriched using FACS (> 90%)).
The isolated BMDCs were incubated with naked pIL-12,
blank Ng(-), and Ng(-)pIL-12 (containing 1 pg/mL pIL-12)
for 24 or 36 h, and the surface expression of costimulatory
molecules CD40 and CD86, and MHC class II (MHC II)
was analysed using flow cytometry (Table 2).

Analysis of IL-12 in CT-26 Cells

For intracellular IL-12 analysis, CT-26 cells (mouse color-
ectal cancer cells, purchased from the cell bank of the
Chinese Academy of Sciences, Shanghai, China) were
stimulated with naked pIL-12, Ng(-), and Ng(-)pIL-12
(containing 1 pg/mL pIL-12) for 24 or 36 h, followed by
further incubation with BFA (Biolegend, San Diego, USA)
(5 pg/mL) for 4 h (Table 2). Then these cells were har-
vested, and the IL-12 expression in CT-26 cells was ana-
lysed using flow cytometry.

Serum IL-12 Analysis by ELISA

C57 BL/6J mice were intramuscularly injected with three
doses of 5 pg naked pIL-12 alone and 45 ug Ng(-)pIL-12
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(40 pg Ng(-) containing 5 pg pIL-12) at two-week intervals,
separately. Serum levels of IL-12 p70 were determined
on day 5, 10, and 15 after intramuscular injection (Table 3)
using 1L-12 ELISA kit (Multi-Science, Hangzhou, China)
according to the manufacturer’s instructions. Briefly, 100 pL
of serum samples was added to the wells followed by the
adding of 50 pL. HRP-conjugate. Then, plates were incu-
bated at room temperature for 90 min. After extensive
washing, the plates were incubated with 100 uL of the
TMB substrate for 30 min in the dark at room temperature.
The reaction was then stopped with stop solution, and the
absorbance of the solution was measured using the Synergy
2 Multi-Mode Microplate Reader (BioTek, Vermont, USA)
by dual wavelength 450 nm/630 nm for detection.

Serum HBsAg Analysis by CLIA

Serum samples were analysed using HBsAg chemilumi-
nescent enzyme immunoassay (CLIA) kit (Autobio,
Zhengzhou, China) according to the manufacturer’s
instructions. Briefly, 50 puL of serum samples was added
to the wells followed by the adding of 50 pL detection
reagent. Then, plates were incubated at 37 °C for 60 min.
After extensive washing, the plates were incubated with 50
pL of the chemiluminescent substrate solution for 10
min in the dark at room temperature. The plates were
measured using the Synergy 2 Multi-Mode Microplate
Reader (BioTek, Vermont, USA).

Serum Hepatitis B Surface Antibody

(Anti-HBs) IgG Analysis by ELISA

Serum samples were analysed using anti-HBs IgG ELISA
kit (Wantai Bio-pharm, Beijing, China) according to the
manufacturer’s instructions. Briefly, 50 pL of serum sam-
ples was added to the wells followed by the adding of 50
pL HRP-conjugate. Then, plates were incubated at 37 °C
for 60 min. After extensive washing, the plates were
incubated with 100 pL of the TMB substrate for 30
min in the dark at 37 °C. The reaction was then stopped

Table 3 The Formulations Tested for the IL-12 Assay in vivo

with stop solution, and the absorbance of the solution was
measured using the Synergy 2 Multi-Mode Microplate
Reader (BioTek, Vermont, USA) by dual wavelength 450
nm/630 nm for detection.

Serum Anti-HBs IgG Isotypes Analysis by
ELISA

This determination was performed by an anti-HBs IgG kit
(Wantai Bio-pharm, Beijing, China) with goat anti-mouse
IgG1 (SA00012-1, Proteintech, Wuhan, China) and IgG2b
(SA00012-3, Proteintech, Wuhan, China) labeled with
HRP. Briefly, 50 pL of serum samples diluted 1:20,000
in PBS-Tween was added to the wells. Goat anti-mouse
IgGl and IgG2b were diluted 1:5000 with the ELISA
buffer diluent and added to the plates, respectively. Plates
were incubated at 37 °C for 60 min followed by extensive
washing. Then, the plates were incubated with 100 pL of
the TMB substrate for 30 min in the dark at 37 °C. The
reaction was stopped with stop solution, and the absor-
bance of the solution at 450 nm was measured using the
Synergy 2 Multi-Mode Microplate Reader (BioTek,
Vermont, USA). The adjusted OD450 value was calculated
by subtracting the OD450 value of the negative wells.

HBV DNA and RNA Detection

Liver HBV genomic DNA was extracted using a gDNA kit
(Tiangen Biotech, Beijing, China). To specifically analyse
HBV covalently closed circular DNA (cccDNA) over the
different HBV DNA forms, one microgram of extracted
DNA was digested at 25 °C for 15 min with 10 U of Swal
(New England Biolabs, Beijing, China), and then 1 U of
ATP dependent DNase (Takara Biomedical Technology,
Beijing, China) was added, followed by incubation at 37
°C for 16 h.’” Total RNA was extracted from livers of
PAAV-HBYV 1.2-infected mice using TRIzol reagent (CW
Biotech, Beijing, China). For cDNA synthesis, the RNA
was reverse transcribed (RT-PCR) with a cDNA Synthesis
Kit (CW Biotech, Beijing, China). Samples were then
analysed using g-PCR with the following primers: HBV-
cccDNA-real-F, 5'-CGTCTG TGC CTT CTC ATC TGC-
3’; HBV-cccDNA-real-R, 5" GCA CAG CTT GGA GGC
TTG AA-3'; HBV-DNA-real-F, 5'-CAC ATC AGG ATT
CCT AGG ACC-3'; HBV-DNA-real-R, 5'-GGT GAGTGA
TTG GAG GTT G-3'; HBV-total-real-F, 5-TCA CCA
GCA CCA TGC AAC-3'; HBV-total real-R, 5-AAG
CCA CCC AAG GCA CAG-3; HBV-3.5kb-real-F, 5'-
GAG TGT GGA TTC GCACTC C-3'; HBV-3.5kb-real

Acronym Formulation Volume
(mL)
IL-12 Chitosan 7-PGA
Plasmid (ng) (ng)

(ng)
plL-12 5 - - 100
Ng(-)pIL-12 5 8 32 100
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-R, 5'-GAG GCG AGG GAG TTC TTC T-3; m-GAPDH-
real-F, 5-AGG TCG GTG TGA ACG GAT TTG-
3’ m-GAPDH-real-R, 5-TGT AGA CCA TGT AGT
TGA GGT CA-3'. Real-time PCR was performed using
the UltraSYBR Mixture (CW Biotech, Beijing, China)
with Lightcycler® 96 (Roche).

Cell Isolation

Hepatic mononuclear cells (MNCs) were isolated as
described previously.>® Briefly, the livers were excised,
disrupted, and passed through a 200 pm nylon cell strainer.
The resulting single-cell suspensions were centrifuged at
700 x rpm for 1 min, and the supernatants were layered
over 40% Percoll (GE Healthcare, Uppsala, Sweden).
After centrifugation at 1200 x rpm for 10 min, the
MNCs were pelleted, and the contaminating erythrocytes
were lysed. The spleens and dLNs were passed through
a 200 pm nylon cell strainer, and the precipitated cells
were harvested, followed by RBC lysis and washing.

Cytotoxicity Assay (CCK-8 Assay)

The CCK-8 assay was used to investigate the in vitro
cytotoxicity of Ng(-)pIL-12. Briefly, 1 x 10° splenocytes
and 1 x 10* BMDCs were seeded into 96-well plates in
RPMI 1640 and incubated for 24 h at 37 °C, separately.
Then, different concentrations of Ng(-)pIL-12 (with pIL-
12 concentrations of 1, 5, and 10 pg/mL) were added and
incubated for 48 h (Table 4). All samples were tested in
triplicate. Then, CCK-8 reagents were added to each well,
and the cells were incubated at 37 °C for another 2 h. The
absorbance of the solution at 450 nm was measured using
the Synergy 2 Multi-Mode Microplate Reader (BioTek,
Vermont, USA). The results were expressed as the relative
expression, and the O.D. of PBS-treated group was identi-
fied as 1.

Flow Cytometry

Cell suspensions were pre-incubated with Fc block
(anti-mouse CD16/32, #14-0161-82, eBioscience,
California, USA) and stained with the indicated mAb
conjugates for 1 h at 4 °C. The following fluoro-
chrome-conjugated antibodies were used: FITC-anti-
CD4 (the marker of CD4" T cell subset, #4313007),
FITC-anti-CD8a (the marker of CD8" T cell subset,
#4271604), FITC-anti-CD1lc (ox integrin, primarily
#E00155-1631), PE-anti-CD69
(early activation antigen expressed on T cells,
#E01333-1634), PE-anti-CD8a (the marker of CD8"
T cell subset, #£E01038-1633), PE-anti-CD86 (a costi-
mulatory molecule on DCs, #E01369-1634), PE-anti-
CD49d (04 integrin, expressed on antigen-specific
T cells, #E01278-1635), Percp-Cy5.5-anti-CD3e (the
marker of T cells, #4304569), Percp-Cy5.5-anti-CD40
(a costimulatory molecule on DCs, #124624), APC-anti
-CD80 (a costimulatory molecule on DCs, #4329685),
APC-anti-PD-1 (an inhibitory receptor expressed on
T cells, #4344425), and e450-anti-IL-12 (a proinflam-
matory cytokine which can induce the activation of
T cells, #2095501) from eBioscience (California,
USA); PE-anti-MHC-II (a useful marker associated
with antigen presentation, #107608), PE-anti-KLRGI
(a useful marker for identifying memory and effector
T cells, #138408), Percp-Cy5.5-anti-CD1la (o integ-
rin, expressed on antigen-specific T cells, #101124),
APC-anti-CD127 (a useful marker for identifying
memory and effector T cells, #135012), BV421-anti-
LAG3 (an inhibitory receptor expressed on T cells,
#125221), PE-Cy7-anti-TIGIT (an inhibitory receptor
expressed on T cells, #142107), and APC-Cy7-anti-
CD107a (a useful marker associated with CD8" T cell
cytotoxicity, #121615) from BioLegend (San Diego,
USA); PE-CF594-anti-CD8a (the marker of CD8"

expressed on DCs,

Table 4 The Formulations Tested on Splenocytes and BMDCs for Cytotoxicity Assay in vitro

Acronym Formulation
IL-12 Plasmid (pg/mL) Chitosan (ug/mL) v-PGA (pg/mL)

PBS - -

pIL-12 (I pg/mL) | -

pIL-12 (5 pg/mL) 5 -

pIL-12 (10 pg/mL) 10 -
Ng(-)pIL-12 (I pg/mL) | 1.6 6.4
Ng(-)pIL-12 (5 pg/mL) 5 8 32
Ng(-)pIL-12 (10 pg/mL) 10 16 64
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T cell subset, #562283) from BD Bioscience (Bedford,
USA). All data were acquired on BD FACSCalibur or
BD FACSCelesta flow cytometer and analysed with
FlowJo software.

Statistical Analysis

Data were analysed using GraphPad Prism 7 and compared
between groups using an unpaired two-tailed ¢ test. A p
value less than 0.05 was considered statistically significant
(*p <0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).

Results
Preparation and Physicochemical

Properties of Ng(-)plL-12

The chitosan nanovaccine Ng(-)pIL-12 that loaded IL-12
expression plasmid was prepared as shown in Figure 1A.
Physicochemical properties of Ng(-)pIL-12, such as trans-
mission electron microscopy (TEM) image, particle size,
zeta potential, and encapsulation efficiency were measured.
Ng(-)pIL-12 was observed as homogeneous globular parti-
culates (Figure 1B). The average diameter of Ng(-)pIL-12

A IL-12 plasmid Chitosan (Cs)
O N
oY
OO OO
AL —p ANYN —
Y-PGA y-PGAL-12
Ng()plL-12
B C Size Distribution by Intensity Zeta Potential Distribution
Z-Average(d.nm) : 178.7 Zeta Potential (mV): -15.1
20 70000
S el £ 60000
°\; 151 §soooo
2 [ S 40000
2 107 T 30000
€ 5l S 20000
= I 10000
0 0
04 1 10 100 1000 10000 200 -100 0 100 200
Size (d.nm) Zeta Potential (mV)
£ T Ng(pIL-12
D 5 2 7 81 161 E BMDC Splenocytes
120, 120
2 80- =
3 2 60
2 40- 2
3 S 30
ol 1
PBS1 5101 5 10 PBS1 5101 5 10
pIL-12  Ng(-)pIL-12 plL-12  Ng(-)pIL-12
(ug/ml)  (ug/ml) (ug/ml)  (ug/ml)

Figure | Physicochemical properties of Ng(-)pIL-12. (A) The preparation of Ng(-)pIL-12 chitosan nanoparticle. (B) Transmission electron microscopy (TEM) images of Ng
(-)pIL-12. Scale bar represents 200 nm. (C) Particle size and Zeta potential of Ng(-)pIL-12. (D) Gel retardation analysis of Ng(-)pIL- 12 at different nanogel/plL-12 mass ratios
as 4:1, 8:1, 16:1, respectively. (E) In vitro toxicity of Ng(-)pIL-12 and naked pIL-12 at different indicated concentrations in BMDCs and splenocytes, and the O.D. of PBS-
treated group (PBS) was identified as |. plL-12, naked plL-12; Ng(-)pIL-12, Ng(-) containing plL-12. One representative from three independent experiments.
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was approximately 178.7 nm, and the zeta potential of Ng(-)
pIL-12 was around —15.1 mV (Figure 1C). The gel retarda-
tion analysis showed that Ng(-) could efficiently encapsulate
pIL-12 at different nanogel/pIL-12 mass ratios (Figure 1D).
BMDC:s and splenocytes were used to evaluate the cytotoxi-
city of Ng(-)pIL-12 using CCK-8 assay in vitro. As shown
in Figure 1E, the viabilities of cells treated with different
concentrations of Ng(-)pIL-12 were similar to those of the
PBS group; and Ng(-)pIL-12 exhibited no significant cyto-
toxic effects on BMDCs and splenocytes. These data indi-
cated that the chitosan nanovaccine prepared with CS and y-
PGA could load pIL-12 efficiently and safely.

Ng(-)pIL-12 Adjuvant Induced Successful

Protective Effects Against HBV Infection

First, we evaluated whether Ng(-)-delivered pIL-12 could
efficiently express IL-12 in vitro and in vivo. Compared to
the naked pIL-12 and blank Ng(-) groups, Ng(-)pIL-12
transfection exhibited an increased IL-12 expression in
CT-26 cells (Figure 2A). Consistent with this, compared
to the naked pIL-12 group, serum IL-12p70 levels were
increased in mice intramuscularly injected with Ng(-)pIL-
12 (Figure 2B). We then evaluated the adjuvant effect of
Ng(-)pIL-12 as a prophylactic HBV vaccine. Compared to
PBS and Ng(-) groups, Ng(-)pIL-12 combined with
HBsAg induced higher anti-HBs seroconversion after
the second and third vaccinations, while anti-HBs IgG
levels were nearly undetectable in HBsAg- or pIL-12-
immunised mice (Figure 2C). To further evaluate the
efficacy of prophylactic effects against HBV, these mice
were challenged with pAAV/HBV 1.2 plasmid on day 56
after the initiation of immunisation. As shown in
2D, Ng(-)pIL-12 combined with HBsAg-
immunised mice exhibited significantly higher anti-HBs

Figure

IgG levels on day 3 and 7 after HBV challenge compared
to the other groups, accompanied with higher levels of
anti-HBs IgG1 and IgG2b, indicating the Ng(-)pIL-12
significantly enhanced the Th1 and Th2 immune responses
against HBV infection (Figure 2E). Meanwhile, the serum
HBsAg or intrahepatic HBV RNA, HBV cccDNA, and
HBV DNA were nearly undetectable after Ng(-)pIL-12
vaccination (Figure 2F and G). Although Ng(-) combined
with HBsAg slightly stimulated the generation of protec-
tive anti-HBs IgG on day 7 after HBV challenge and
reduced serum HBsAg levels compared to PBS, Ng(-)
and naked pIL-12 alone groups (Figure 2D-F), Ng(-)
could not efficiently eliminate intrahepatic HBV RNA or

DNA (Figure 2G). These findings suggested that using Ng
(-)pIL-12 as an adjuvant in the prophylactic HBV vaccine
could quickly and successfully protect against HBV
infection.

Ng(-)pIL-12 Induced Robust HBV-Specific
CD8" Tand CD4" T Cell Responses

During Vaccination

Since the magnitude and quality of HBV-specific CD8"
T and CD4" T cell responses correlate with the prophy-
of HBV HBV
infection, we next investigated whether Ng(-)pIL-
12 boosted HBV-specific CD8'T and CD4" T cell
responses. As shown in Figure 3A, Ng(-)pIL-12 com-
bined with exhibited
a significantly higher proportion of HBV-specific

lactic efficacy vaccine

16,37

against

HBsAg-immunised mice
CD11a" CD80'° cells in peripheral blood compared to
the PBS and HBsAg alone groups, accompanied by sig-
nificantly higher numbers of CD4" CDI11a"™ CD49d"
HBV-specific CD4" T cells'®* (Figure 3B) and
increased expression levels of the activation antigen
CD69 (Figure 3C). However, HBsAg alone did not
enhance the HBV-specific T cell response. These results
suggested that using Ng(-)pIL-12 as an adjuvant in the
prophylactic HBV vaccine could augment HBV-specific
cellular responses.

Ng(-)plL-12 Adjuvant Promoted the
Maturation and Antigen Presenting Ability
of DCs, Especially CD8a"/CD103™ DCs

An effective prophylactic HBV vaccine should be poten-
tial to activate DCs and then induce HBV-specific T-cell
response during HBV infection.***' Therefore, we inves-
tigated whether Ng(-)pIL-12 adjuvant could enhance the
function of DCs after HBV challenge. First, BMDCs
were generated in vitro and used to test whether Ng(-)
pIL-12 could improve the functions of DCs. Compared
to PBS group, naked pIL-12 and blank Ng(-) alone
increased the expression of MHC-II, CD86, and CD40
on the surface of BMDCs, but the enhancement of Ng(-)
pIL-12 was stronger and showed time-dependent manner
(Figure 4A). Subsequently, we found that the proportion
of CD11c" DCs in peripheral blood from the Ng(-)pIL-
12 combined with HBsAg-immunised mice was signifi-
cantly higher than the PBS- and HBsAg-treated mice
(Figure 4B), accompanied by the upregulation of co-
stimulatory molecule CD80 (Figure 4C). Meanwhile,
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Figure 2 Ng(-)plL-12 adjuvant induced protective effects against HBV infection quickly and successfully. (A) CT-26 cells were treated with PBS, | pg/mL pIL-12, Ng(-) and 9
pg/mL Ng(-)plL-12 (with | pg/mL plL-12) for 24 or 36 h, followed by further incubation with BFA (5 ug/mL) for 4 h. IL-12 expression in CT-26 cells was analysed using FACS.
(B) C57 BL/6) mice were intramuscularly injected with three doses of 5 g pIL-12 and 45 pg Ng(-)pIL-12 at two-week intervals, separately. Serum levels of IL-12 p70 were
determined on day 5, 10, and |5 using ELISA after intramuscular injection. (C—F) C57 BL/6) mice were injected intramuscularly with three doses of PBS, 2 ug HBsAg alone, 5
ug plL-12 alone, 2 pg HBsAg combined with 40 pg Ng(-) and 2 pg HBsAg combined with 45 pg Ng(-)plL-12 at two-week intervals, separately. Anti-HBs IgG titres were
measured two weeks after the second and third vaccination (C). (D—G) These immunised mice were challenged with 8 g pAAV/HBV 1.2 on day 56 after the initiation of
immunisation. Serum levels of anti-HBs IgG were detected using ELISA on day 3 and 7 after HBV challenge (D). Serum levels of anti-HBs IgG | and IgG2b were detected using
ELISA on day 10 after HBV challenge (E). Serum levels of HBsAg were detected using CLIA on day 3 after the HBV challenge (F). Intrahepatic HBV total RNA, intermediate
products 3.5 kb RNA, HBV cccDNA, and HBV DNA were analysed using g-PCR and normalised to GAPDH expression on day 10 after the challenge (G). HBsAg, HBsAg
alone; plL-12, naked pIL-12; Ng(-), blank nanogels; Ng(-)pIL-12, 40 pg Ng(-) containing 5 pg plL-12. All data represent the mean + SEM (n 2 4) from three independent

experiments. *p < 0.05, ¥p < 0.01, **p < 0.001, *p < 0.0001.
we found Ng(-)pIL-12 combined with HBsAg-
immunised mice increased the expression of MHC-II
on CDI1lc¢" DCs during the vaccination, indicating the
enhanced ability to present antigen (Figure 4D).

Given their cross-presenting abilities, lymphoid-
resident CD8a" DCs and migratory CD103" DCs are
considered the most important subsets for priming CD8"

T cell responses against pathogens and tumors.****

Therefore, we analyzed the effects of Ng(-)pIL-12 on
these DC subsets. Compared to the PBS group, the per-
centage and an absolute number of CD8o" DCs were
increased in the spleen after HBsAg-combined Ng(-)pIL-
12 vaccination, accompanied by the elevation of CDA40,
CD80, and CDS86 (Figure 4E and F). A similar
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Figure 3 Ng(-)plL-12 adjuvant induced robust HBV-specific CD8" and CD4" T cell responses during vaccination. C57 BL/6) mice were injected intramuscularly with three
doses of PBS, 2 g HBsAg alone, 2 g HBsAg combined with 45 g Ng(-)plL-12 at two-week intervals, separately. (A) The proportion of CDI 12" CD8u cells among CD8"
T cells in the peripheral blood on day 7, 21 and 35 after the initiation of immunisation. (B) The proportion of CD | Ia" CD49d" cells among CD4" T cells in the peripheral
blood on day 7, 21 and 35 after the initiation of immunisation. (C) The expression of activation antigen CD69 on CD4" CD| Ia" CD49d" cells on day 7 after the initiation of
immunisation. HBsAg, HBsAg alone; Ng(-)plL-12, 40 g Ng(-) containing 5 ug plL-12. All data are expressed as the mean + SEM (n 2 5) from three independent experiments.

#p < 0.05, #p < 0.01, *#*#p < 0,001, **+p < 0,0001.

phenomenon was observed in splenic CD103" DCs
(Figure 4G and H). However, HBsAg alone did not
enhance the functions of DCs (Figure 4B-H). These
results indicated that Ng(-)pIL-12 adjuvant promoted the
maturation and antigen presentation capacity of DCs
in vitro and in vivo.

Ng(-)plL-12 Adjuvant Generated
HBV-Specific CD4" Tand CD8" T Cell
Response to HBV Infection

An effective vaccine should generate appreciable numbers
of high-quality memory CD8" T cells, which can be imme-
diately activated upon exposure to the pathogen.*>**® Most
antigen-specific T cells undergo apoptosis, while only few
effector cells turn into long-lived memory T cells after the
vaccination.*”*® Compared to the PBS group, the absolute
numbers of CD8" T cells and HBV-specific CDI11a™
CD80® cells in the spleen and liver of Ng(-)pIL-12 com-
bined with HBsAg-immunised mice increased signifi-
cantly after HBV challenge (Figure 5A and B). In
addition, the expression of immune checkpoint molecules
that induce T cell exhaustion such as LAG-3 (lymphocyte
activation gene 3) and TIGIT (T-cell immunoreceptor with
Ig and ITIM domains) on HBV-specific CD11a™ CD8a'°

cells was downregulated (Figure 5C). Moreover, the per-
centage and the absolute number of splenic CD4" T cells
and HBV-specific CD4" T cells were also increased in Ng
(-)pIL-12 combined with HBsAg-immunised challenged
mice (Figure 5D and E). These data suggested that Ng(-)
pIL-12 adjuvant augmented HBV-specific CD8" T cell
immune response and induced long-term immune memory
against HBV infection.

Ng(-)plL-12 Adjuvant Triggered the
Terminally Differentiated Effector
Memory Response with Strong Anti-HBV

Effects

During pathogen infection, the effector CD8" T cells can
differentiate into short-lived effector cells (SLECs) with potent
the
environment.***° Our recent study showed SLECs form the

effector functions dependent on inflammatory
predominant secondary memory subset and are optimal for
protective immunity against HBV re-challenge.®” Here, we
observed that Ng(-)pIL-12 promoted the differentiation of
memory CD8" T cell, exhibiting a high frequency of SLECs
(CD127"° KLRG1™) in the peripheral blood during vaccination
(Figure 6A). Moreover, compared to the PBS group, the fre-

quency of SLECs was increased in the spleen of Ng(-)pIL-12
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Figure 4 Ng(-)pIL-12 adjuvant promoted the maturation and antigen-presenting capacity of the CD8a"/CD 103" DCs after HBV challenge. (A) MHC-Il, CD86 and CD40
expression on BMDCs incubated with PBS, plL-12, Ng(-), Ng(-)pIL-12 for 24 or 36 h. (B-G) C57 BL/6] mice were injected intramuscularly with three doses of PBS (PBS), 2
ug HBsAg alone, 2 pg HBsAg combined with 45 pg Ng(-)plIL-12 at two-week intervals, separately, then these immunised mice were challenged with 8 ug pAAV/HBV |.2
on day 56 after the initiation of immunisation. The proportion of CDIlc* DCs (B) and the expression of CD80 (C) on CDIlc* DCs in the peripheral blood on day 7 after
the initiation of immunisation. Expression of MHC-Il on CD1Ic” DCs from peripheral blood on days 7, 21 and 35 after the initiation of immunisation (D). The percentage
and absolute numbers of splenic CD8a™ DCs, and CD40 (MFI), CD80 (MFI) and CD86 (MFI) on CD8a." DCs were measured on day 5 after HBV challenge (E-F). The
percentage and absolute numbers of splenic CD 103" DCs, CD40 (MFI), CD80 (MFl), and CD86 (MFI) on CD 103" DCs were measured on day 5 after HBV challenge (G and
H). HBsAg, HBsAg alone; plL-12, naked plL-12; Ng(-), blank nanogels; Ng(-)pIL-12, 40 ug Ng(-) containing 5 pg plL-12. All data are expressed as the mean * SEM (n 2 4)
from three independent experiments. *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001.

combined with HBsAg-immunised mice by HBV infection = These data indicate that Ng(-)pIL-12 adjuvant-induced genera-
(Figure 6B), with higher levels of CD107a and lower levels  tion of SLECs might play a critical role in protecting against
of immune regulatory molecules TIGIT (Figure 6C and D).  HBV infection.
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Figure 5 Ng(-)pIL-12 adjuvant induced long-lasting antiviral CD4" T and CD8" T cell response against HBV infection. C57 BL/6é| mice were injected intramuscularly with
three doses of PBS, 2 ug HBsAg alone, 2 g HBsAg combined with 45 pg Ng(-)plL-12 at two-week intervals, separately, then these immunised mice were challenged with 8
ug pAAV/HBV 1.2 on day 56 after the initiation of immunisation. The absolute numbers of CD8" T cells and CD| Ia" CD8a'® cells from the spleen (A) and the liver (B)
on day 5 after HBV challenge. (C) LAG-3 and TIGIT expression on HBV-specific CD| 12" CD8u" cells in the spleen on day 5 after HBV challenge. The proportion and
absolute numbers of CD4" T cells (D) and CD4" CDI 12" CD49d" cells (E) in the spleen on day 5 after HBV challenge. HBsAg, HBsAg alone; Ng(-)plL-12, 40 ug Ng(-)
containing 5 pg plL-12. All data are expressed as the mean + SEM (n = 4) from three independent experiments. *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001.

Discussion

In this study, we prepared a chitosan nanovaccine to
improve the delivery of IL-12 plasmid and protect it
from enzymatic biodegradation. Interestingly, Ng(-)pIL-
12 could efficiently load pIL-12 and produce IL-12 both
in vitro and in vivo. Additionally, Ng(-)pIL-12 signifi-
cantly enhanced HBV-specific cellular and humoral
immune responses. Since IgG isotypes correlate with cel-
lular immune response, we also measured the expression
of anti-HBs IgG1 and IgG2b in our study. Compared to Ng
(-) group, Ng(-)pIL-12 vaccination induced higher levels
of anti-HBs IgGl and IgG2b, indicating Ng(-)pIL-12
could significantly enhance the HBV-specific cellular

immune response against HBV infection. Although the
delivery system Ng(-) slightly increased the anti-HBs
levels during vaccination, it could not quickly and success-
fully induce protective anti-HBs after HBV infection nor
eliminate HBV cccDNA, HBV DNA, and HBV RNA,
which might be due to insufficient activation of DCs
compared to the Ng(-)pIL-12 adjuvant group.

HBYV particles and purified HBsAg significantly inhibit
IL-12 production through mDCs and monocytes/macro-
phages, resulting in the dysfunction of these cells.”' >’
The impaired IL-12 secretion contributes to chronic HBV
infection with high viral load and insufficient HBV-

specific adaptive T cell response.® Exogenous IL-12
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Figure 6 Ng(-)plL-12 adjuvant triggered the terminally differentiated effector memory responses against HBV infection. C57 BL/6] mice were injected intramuscularly with
three doses of PBS, 2 ng HBsAg alone, 2 ng HBsAg combined with 45 pig Ng(-)plL-12 at two-week intervals, separately, then these immunised mice were challenged with 8
ug pAAV/HBV 1.2 on day 56 after the initiation of immunisation. (A) The percentage of SLECs among HBV-specific CD | la" CD8a'® cells was detected on day 35 after the
initiation of immunisation. (B) The percentage of splenic SLECs among HBV-specific CD | [a" CD80'® cells on day 5 after HBV challenge. The expression of CD107a (C) and
TIGIT (D) on splenic SLECs on day 5 after HBV challenge. HBsAg, HBsAg alone; Ng(-)plL-12, 40 g Ng(-) containing 5 ug plL-12. All data are expressed as the mean + SEM

(n 2 4) from three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001.

rescues the exhausted HBV-specific CD8" T cell response
with
Additionally, a combination treatment using HBsAg vac-

more  cytotoxicity and  polyfunctionality.>
cine and IL-12 cytokine elicits robust hepatic HBV-
specific CD8" T and CD4" T cell response, and facilitates
the generation of anti-HBs, leading to effective HBV
clearance.'’

IL-12 is an ideal adjuvant, mainly in protein and plas-
mid DNA forms. The application of the protein is limited
because of the side effects of systemic administration, such
as fever, vomiting, headache, and sometimes even life-
threatening situations, while the DNA can reduce the
occurrence of adverse reactions.!” ' In addition, the
DNA more stable, easy to handle, and enables mass pro-
duction. Meanwhile, the application of nanoparticle deliv-
ery systems could combine high biocompatibility with
biodegradability and high affinity for nucleic acids.

LPS, as a ubiquitous contaminant in nature, exists in
the chemicals and glassware used during the preparation of
nanoparticles due to their intrinsic heat stability and resis-
tance to sterilisation.’*® Since LPS could mediate the

activation of the inflammasome and induce the inflamma-

tory cytokine secretion,®

this could be an important
mechanism by which nanoparticles can contribute to indu-
cing the activation of immune cells. In this study, we
prepared the Ng(-) and Ng(-)pIL-12 with same methods,
and the plIL-12 wused for Ng(-)pIL-12 vaccine was
extracted by the E.ZN.A.® Endo-Free Plasmid Maxi Kit.
We found blank Ng(-) control group could not induce the
significant immune effects, while Ng(-)pIL-12 vaccination
could obviously induce the activation of immune cells
in vivo and in vitro and exhibited strong anti-HBV effects.
We think the existence of LPS during the preparation of
nanoparticles Ng(-) and Ng(-)pIL-12 was insufficient to
induce effective influence on immune cells and anti-HBV
effects in this study.

DCs play an important role in priming antigen-specific
T cells against pathogen infection.®> We found that Ng(-)
pIL-12 adjuvant was beneficial for promoting the maturation
and antigen presentation ability of DCs. Ng(-)pIL-12 adjuvant
could quickly increase the proportion of peripheral blood DCs,
accompanied by the augmented expression of co-stimulatory
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molecules. In particular, Ng(-)pIL-12 adjuvant increased the
percentage and the absolute number of lymphoid-resident
CD8a" DCs and migratory CD103" DCs, accompanied with
more cross-presenting abilities after HBV challenge, which
could in turn induce the generation of cytotoxic T lymphocyte
(CTL) response for HBV clearance.

Rai et al devised a strategy to monitor antigen-
experienced CD8" T cells in response to vaccination or
pathogen infection by tracking the changes in CDlla
and CD8a expression (CD11a™ CD8a'®),** while these
changes were not driven by inflammatory triggers, such
as IL-12 stimulation. Effector CD8" T cells predict the
efficacy of vaccines against pathogens. However, the
T cells in patients with chronic HBV infection are gen-
erally exhausted, characterised by impaired cytotoxic
activity, poor cytokine secretion, and increased expres-
sion of multiple co-inhibitory receptors, such as PD-1,
LAG-3, CTLA-4, TIGIT, and TIM-3.>°¢ Blocking
these receptors restores the exhausted CDS" T cells by
increasing their proliferation and the secretion of IFN-y
and IL-2, making it a promising immunotherapeutic
strategy to eliminate HBV.*"® Interestingly, Ng(-)pIL-
12 adjuvant increased HBV-specific CD11a" CD8a'
cells and downregulated the expression of immune
checkpoint molecules LAG-3 and TIGIT on CD8"
T cells, strong anti-HBV effects. CD4"
T cells also contribute to HBV clearance by generating

indicating

and maintaining both neutralizing antibodies and CD8"
T cells.”””" The “Ag-experienced” CD4" T cells are
characterised by the co-expression of CDlla and
CD49d.>° The frequency of HBV-specific CDI1la™
CD49d"™ CD4" T cells significantly increased after Ng
(-)pIL-12 adjuvant vaccination, indicating the activation
of systemic HBV-specific CD4" T cell response.
Therefore, the augmented HBV-specific CD8" T and
CD4" T cell response induced by the Ng(-)pIL-12 adju-
vant vaccination contributed to protecting against HBV
infection.

Killer cell lectin-like receptor subfamily G member 1
(KLRG1), together with CD127, has been used as mar-
kers to identify effector CD8" T cell subsets into mem-
ory precursor effector cells (MPECs) and SELCs.**>°
SLECs exhibit potent effector functions but are suscep-
tible to death compared to MPECs.*>* Our recent study
showed that vaccination-induced SLECs formed the pre-
HBV
elimination.®” Consistently, Ng(-)pIL-12 adjuvant also

dominant  effector memory subset for

induced the generation of SLECs with stronger anti-

HBV effects, which may be an important mechanism
for Ng(-)pIL-12 adjuvant in protecting against HBV
infection.

Conclusion

To summarise, chitosan nanovaccine can efficiently load
pIL-12, and Ng(-)pIL-12 adjuvant vaccination promotes
the maturation and presentation capacity of DCs in vivo
and in vitro. Furthermore, Ng(-)pIL-12 acts as an adjuvant
for prophylactic HBV vaccine and induces high anti-HBs
levels and robust HBV-specific CD4" T and CD8" T cell
responses. More importantly, Ng(-)pIL-12 adjuvant vacci-
nation triggers the terminally differentiated effector memory
responses against HBV infection. Therefore, Ng(-)pIL-12
may also be a promising adjuvant candidate in HBV ther-
apeutic vaccines in the future.
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