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Neisseria meningitidis caused meningitis is life-threatening acute infection with high fatality and high fre-
quency of severe sequelae. Meningococcal capsular polysaccharides can be used to prevent meningococ-
cal disease; while conjugating the polysaccharides to carrier protein was found necessary to improve the
immunogenicity and induce memory responses in infants and young children. Nevertheless, repeated
administration of glycoconjugate vaccines might lead to carrier-induced epitope suppression due to lim-
ited number of carrier proteins. Here in this study, full-length hepatitis B core antigen virus-like particles
(HBc VLPs) was used as a novel potential carrier protein for conjugation of meningococcal group C
polysaccharides (CPS) with heterobifunctional polyethylene glycol (PEG) of different length (2, 5 and
10 kDa) as linkers. The physiochemical properties of the CPS-PEG-HBc conjugate vaccines were fully
characterized. The TEM, DLS, native agarose gel electrophoresis, and HPLC analyses all confirmed the suc-
cessful conjugation. As compared to plain CPS and the physical mixture of CPS and HBc, the immunization
with the conjugate vaccines can generate about 10 times increase in CPS specific IgG titers with a signif-
icant boosting effect. HBc conjugation induced a shift to a Th1 cellular immune type response, as assessed
by the increased IgG2a subclass production. In addition, vaccination of the conjugate vaccines elicited
much enhanced avidity functional antibody and long-lasting immunological memory. IgG titers elicited
by CPS-P2k-HBc, CPS-P5k-HBc and CPS-P10k-HBc at week 18 maintained 38.1%, 17.9% and 33.3% of their
peak values. All these results demonstrated that HBc VLPs can be used as potential carrier protein to
develop polysaccharide conjugate vaccines effective in eliciting long-lasting and strong cellular immune
response.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Neisseria meningitidis bacteria caused meningitis is life-
threatening acute infection with high fatality (up to 50% when
untreated) and high frequency (more than 10%) of severe sequelae.
The risk of getting sick will be even higher for infants, adolescent
and those with asplenia or complement deficiencies [1,2]. Based
on the composition of capsular polysaccharide, there are 12
meningococcal serogroups, six of which (A, B, C, W, X and Y)
responsible for the majority of invasive [3]. Though the polysac-
charide meningococcal vaccines have been available over 40 years
ago, their efficacy was largely limited by their inability to produce
T-cell dependent immunologic memory responses and poor
immunogenicity in infants and children less than 2 years old. For
this reason, the first meningococcal conjugate vaccines were intro-
duced in 1999 and have been successful in overcoming many of the
shortcomings of polysaccharide vaccines [2]. In conjunction with a
carrier protein, the hydrophilic carbohydrate are allowed to be pre-
sented on the antigen-presenting cell (APC) surface through major
histocompatibility class II (MHC II), which in turn induces activa-
tion of T cells and maturation of the cognate B cell to become a
memory B cell and subsequent production of carbohydrate-
specific IgG antibodies [4]. Accordingly, the carrier protein acts role
to anchor the polysaccharide to the B cell, which was the initial and
the most important step for activation of the adaptive immune sys-
tem. Therefore, an ideal protein carrier should be capable of induc-
ing high level of B cell and T cell immunogenicity and affording
high-density presentation of carbohydrate epitopes.
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To date, there are a limited number of carrier proteins included
in licensed glycoconjugate vaccines: tetanus toxoid (TT), diphthe-
ria toxoid (DT) [5], the non-toxic CRM197 variant of diphtheria
toxin [6], a complex outer-membrane protein (OMP) mixture from
N. meningitides [7], and non-typeable H. influenza-derived protein
D [8]. With repeated or multivalent administrations of glycoconju-
gate vaccines, however, carrier associated immune interference
including carrier-induced epitope suppression (CIES), carrier prim-
ing or bystander interference often arise [9–11]. Suppression of
antibody response to the polysaccharides were often observed
due to competition between peptides or capsular polysaccharides
bound to homologous carrier proteins for a limited number of car-
rier specific primed helper T cells. In this regard, developing glyco-
conjugate vaccines based on some other novel carrier proteins
might provide solution to this problem.

Virus-like particles (VLPs) containing repetitive, high density
displays of viral proteins that can elicit both T cell and B cell
immune responses, have made giant strides in the field of vaccinol-
ogy over the last three decades [12,13]. As one kind of VLPs, full-
length hepatitis B core (HBc) protein is the most fascinating one
as a vaccine platform due to several of unique features [14–17].
HBc VLPS has high flexibility allowing insertion of over than 100
amino acids without affecting its ability to self-assemble into VLPs
structure. The particulate nature affords the HBc VLPs inherent
adjuvant properties by acting both as a T-helper (Th) cell-
dependent and cell-independent antigen. Finally, the HBc VLPs
are relative easy to produce and purify. Since the initial study by
Clarke et al. in 1987 [18], a large number of antigens and epitopes
have been genetic fused or chemically linked to HBc as vaccine
development strategies [19–21], and several of which are in clini-
cal and preclinical studies [15,16,18].

Considering the numerous advantages of HBc VLPs as vaccine
carrier platform, developing a HBc-based polysaccharide conjugate
vaccine is expected to break limitations in developing of glycopro-
tein vaccines with high efficacy and avoiding carrier-induced epi-
tope suppression interference. Nevertheless, there were no
relevant studies reported to the best of our knowledge. To this
end, we aimed to use full-length HBc VLPs as carrier protein to
develop a polysaccharide conjugate and to test its immunogenicity.
Compared with the currently used carrier protein, the large parti-
cle size would also ensure a higher density presentation of epi-
topes for carbohydrate, which has been proven important for its
immunogenicity [22].

Outbreaks of meningococcal disease have been frequently asso-
ciated with serogroup C to date [2,23]. In this study, meningococcal
group C polysaccharide (CPS) we used as a representative vaccine
antigen and HBc-VLPs as the carrier protein to develop a novel gly-
coconjugate vaccine. In order to avoid the self-crosslinking of CPS
and realize high density presentation of CPS on the HBc particles,
a heterobifunctional polyethylene glycol (PEG) was used as linker
[24]. The physiochemistry properties, immunogenicity, immune
persistence and antibody avidity of the CPS-PEG-HBc conjugate
vaccines were fully investigated.

2. Materials and methods

2.1. Materials

Meningococcal serogroup C capsular polysaccharide (CPS) was
kindly provided by Hualan Biologicals Engineering, Inc. (Xinxiang,
China). Full-length hepatitis B core antigen virus like particle
(HBc VLPs) was expressed in E. coli strain BL21 (DE3) and purified
by ultra-centrifugation according to the method described in our
previous study [25]. 2-iminothiolane (IT) was purchased from
Sigma. 3,30, 5,50-tetramethylbenzidine (TMB) was purchased from
Thermo, Horse radish peroxidase (HRP)-conjugated goat anti-
mouse IgG Fc antibody (HRP-IgG), HRP-conjugated goat anti-
mouse IgG1 Fc antibody (HRP-IgG1) and IgG2a Fc antibody (HRP-
IgG2a) were all purchased from Abcam (USA).

Heterobifunctional PEG linker of amine-PEG-maleimide with
PEG chain of 2 kDa (P2k), 5 kDa (P5k) and 10 kDa, (P10k) were
ordered from Nanocs Inc. (Boston, USA). Their polydispersity index
(PDI), defined as ratio of weight-average molecular weight (Mw)
and number-average molecular weight (Mn), were measured by
multi-angle laser light scattering (MALLS) detector (DAWN EOS,
k = 690 nm, Wyatt Technology Corp., USA) and a refractive index
(RI) detector (OPTILAB DSP, Wyatt Technology Corp., USA). PDI val-
ues of 1.18, 1.17 and 1.12 were determined for P2k, P5k and P10k,
respectively.

2.2. Preparation of the CPS-PEG-HBc conjugate vaccines

The reaction route for preparing the CPS-PEG-HBc conjugate
vaccines was schematically presented in Fig. 1. Briefly, HBc-VLPs
(0.4 mg/ml) was firstly thiolated by incubating with 50-fold molar
excess of IT in 20 mM phosphate buffer (pH 7.2) at 25 �C for 3 h.
Followed by removal of the free IT using G25 desalting column
(GE Healthcare), 0.1 mM of a heterobifunctional linker of amine-
PEG-maleimide with PEG chain of 2 (P2k), 5 (P5k), and 10 kDa
(P10k) was added to the thiolated HBc. The reaction was lasted
overnight at 4 �C, and the unreacted PEG reagent was removed
by ultrafiltration centrifugation using 15 ml Centricon with
50 kDa cutoff membrane (Millipore, USA) for five times. The thiola-
tion extent of HBc was determined by measuring the thiol groups
of the thiolated HBc using 5,50-dithio-bis- (2-nitrobenzoic acid)
(Ellman’s reagent), and the subsequent derivatization degree of
PEG was obtained by measuring the decrement of thiol groups
after PEG linking.

CPS was activated by adding 10 ll of CNBr (50% (w/v) in chloro-
form) to 3 ml CPS solution (5 mg/ml) in 0.9% (w/v) NaCl. During
30 min incubating at room temperature, NaOH (0.5 M) was occa-
sionally added to keep the solution at pH 10.5. Thereafter, 0.5 M
HCl was added dropwise to adjust the solution to pH 8.5. Finally,
the conjugate vaccines were obtained by incubation of the derived
HBc with activated CPS, the final concentration of HBc and CPS in
the reaction mixture were adjusted to the same value of 0.5 mg/
ml. The incubation was in 20 mM phosphate buffer (pH 7.2) at
4 �C for 48 h. The conjugate vaccines prepared were referred as
CPS-P2k-HBc, CPS-P5k-HBc, and CPS-P10k-HBc, respectively, in
the following text.

Size exclusion chromatography (SEC) based on a Sephacryl
S500HR column (1.6 cm � 70 cm, GE Healthcare, USA) was used
to purify the CPS-PEG-HBc conjugate vaccines. PBS buffer
(20 mM, pH 7.2) was used for column equilibration and sample
elution at a flow rate of 2.0 ml/min. The conjugates were collected
and concentrated using Amicon (Millipore) with 100 kDa cutoff
membrane at 4 �C.

2.3. Quantitative assay of CPS

The total CPS contents in the intermediate products and the
final conjugates were determined by resorcinol method [26]. The
level of unconjugated polysaccharide in the conjugate vaccines
was measured based on deoxycholic acid (DOC) precipitate of
HBc [27]. Briefly, 100 ll 1% (w/v) deoxycholic sodium salt solution
(pH 8.0) was added to 500 ll CPS-PEG-HBc conjugates samples
with the concentration at about 100 lg/ml of HBc. The mixed solu-
tions were kept in an ice bath for 30 min followed by adding 100 ll
of 0.1 M HCl, then the conjugate participation was collected by
centrifugation at 4 �C for 30 min leaving the unconjugated CPS
(S) in the supernatant. While the conjugated CPS (P) in participa-
tion was then dissolved in 0.1 M NaOH. The unconjugated CPS



Fig. 1. Schematic representation of the preparation of CPS-P2k-HBc, CPS-P5k-HBc and CPS-P10k-HBc.
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content (%) was according to the equation: CPS% = S/(S + P) � 100%.
The CPS/HBc ratio (w/w) of the conjugate vaccines was calculated
by measure the final content of CPS and HBc in the conjugates. Pro-
tein concentration was determined by Bradford method.

2.4. High performance size-exclusion chromatography (HPSEC) assay

Purity of the CPS-PEG-HBc conjugate vaccines was analyzed by
HPSEC. The analysis was performed on an Agilent 1100 HPLC series
system (Agilent, USA), equipped with a TSK G5000 PWXL column
(75 mm � 30 cm, Tosoh Bioscience, Montgomeryville, PA). For each
measurement, 100 ll of sample was injected and eluted with pH
6.8 phosphate-buffered saline (PBS) at 0.5 ml/min. Output was
measured by absorbance at 280 nm and 214 nm. The retention
time of the preparations was recorded.

To acquire the molecular weight (MW) of the HBc and the CPS-
PEG-HBc conjugate vaccines, the column was also connected to a
multi-angle laser light scattering (MALLS) detector (DAWN EOS,
k = 690 nm, Wyatt Technology Corp., USA) and a refractive index
(RI) detector (OPTILAB DSP, Wyatt Technology Corp., USA). The
buffer condition is the same as that for HPSEC analysis.

2.5. TEM, DLS and native agarose gel electrophoresis analysis

The morphology and structure of HBc-VLPs and the conjugate
vaccines were observed by Hitachi HT7700 transmission electron
microscopy (TEM, Hitachi Inc.,). A drop of sample with HBc concen-
tration at about 0.2 mg/ml was applied to a 300 mesh copper grids
carbon coated grid and negatively stained with 2% uranyl acetate.
The specimens were observed at different magnification.

Dynamic light scattering (DLS) was performed to measure the
size of HBc and the three vaccines, using a Malvern Zetasizer Nano
ZS (Malvern Instruments, Southborough, Massachusetts) at 25 �C.
The samples were at an HBc concentration of 0.2 mg/ml in PBS buf-
fer (pH 7.2).

The HBc and the conjugate vaccines was also characterized by
native agarose gel electrophoresis, which was performed on 0.8%
gel for 40 min at 80 V. GelRed was use to staining the nucleic acid
inside the HBc-VLPs and the conjugates.

2.6. Circular dichroism (CD) spectroscopy and fluorescence
measurement

Changes in HBc secondary structure was evaluated by a Jasco-
810 spectropolarimeter (Jasco, Japan), using a quartz cuvette with
0.1 cm pathlength. All the samples were at a protein concentration
of 0.2 mg/ml in phosphate buffer (pH 7.2). The baseline of buffer
was subtracted from the experimental spectra for corrections.
The reported CD spectra are the average of three scans.

The intrinsic fluorescence of the HBc and the conjugate vaccines
was analyzed using Hitachi F-4500 fluorescence spectrofluorome-
ter (Hitachi, Japan) using a quartz cell of 1.0 cm path length. The
emission spectra were excited at 280 nm with a slit width of
5.0 nm and recorded between 300 and 500 nm. The measurement
was obtained at a protein concentration of 0.2 mg/ml in PBS buffer
(pH 7.2) at room temperature.

2.7. Immunization schedule

Female BALB/c mice aged at 6–8 weeks (body weight about 18–
22 g) were purchased from Beijing Vital Laboratory Animal Tech-
nology Company Ltd., (Beijing, China) and maintained with
pathogen-free water and food. The animals were randomly divided
into 6 groups for six animals per group. The six groups were CPS,
HBc, physically mixed CPS and HBc, CPS-P2k-HBc, CPS-P5k-HBc,
and CPS-P10k-HBc groups. For each group, the mice were immu-
nized subcutaneously with 100 ll samples on days 0, 7, and 14.
For HBc groups, the protein content was 5 lg for each injection.
For other five groups, the CPS content was all 2.5 lg per dose
(100 ll). Blood samples were taken from the mice at weeks 2, 3,
4, 6, 8, 10, 12, 14, 16, and 18, after injection of the samples. Sera
were isolated and stored at �70 �C until use. All animals were trea-
ted according to the regulations of Chinese law and the local Ethi-
cal Committee.

2.8. ELISA assay

CPS specific antibodies (IgG, IgG2a and IgG1) were measured
using 96-wells plates (Corning. USA). Experimental procedure
was performed as described by Huang et al. [25]. The plates were
coated with 100 ll of CPS (10 lg/ml) in 50 mM NaHCO3, pH 9.6
at 4 �C overnight, respectively. Coating buffer were removed from
the plates by washing three times with PBS buffer containing
0.05% v/v of Tween 20 (PBST). The plates were blocked with
200 ll of 1% BSA in PBST at 37 �C for 1 h and washed three times
with PBST. Following an appropriate series of dilutions with PBST,
100 ll of diluted sera was incubated in the wells for 1 h at 37 �C.
After washing the plates for five times with PBST, 100 ll secondary
goat anti-mouse horseradish peroxidase conjugated IgG, IgG1, or
IgG2a with 1:5000 dilution was added, and the plates were
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incubated for another 1 h at 37 �C. Thereafter, 100 ll TMB develop-
ing solution used as substrate was added and incubated at room
temperature for 15 min, followed by quenching the reaction with
50 ll of 2 M H2SO4. The resultant solution was determined spectro-
metrically at 450 nm and 570 nm. The mean (X) and standard devi-
ation (SD) for the PBS group was determined and positive-negative
cutoffs calculated as X + 10SD [28].

The specificity of CPS-specific IgG antibody was evaluated by
competitive-inhibition ELISA [24]. The plate was coated with CPS
and blocked by adding blocking buffer. 0–15 lg free CPS solutions
were prepared in 50 ll of blocking buffer. The analysis was carried
out by adding 50 ll of 0–15 lg CPS solution to 100 ll mice serum
with 100-fold dilution. The assays were carried out as mentioned
above. Absorbance at 450 nm was read.

The avidity of the CPS-specific antibodies was investigated
employing the ammonium thiocyanate elution ELISA method
[29]. Briefly, the plate pre-coated with CPS conjugate was blocked
with blocking buffer, followed by incubation of the diluted mice
sera at 37 �C for 1 h to give an absorbance between 0.8 and 1.0
at 450 nm. Then, 100 ll sodium thiocyanate with different dilu-
tions (0–0.75 M) was added for 15 min at room temperature. Then,
the assay continued as described above. The IgG avidity index (AI)
corresponding to ammonium thiocyanate concentration needed to
reduce the absorbance by 50% and was calculated as described
below according to [29]:

AI ¼ ðlog50� logAÞ � ðB� AÞ
logB� logA

þ A ð1Þ

where AI corresponding to the avidity index, log50 = 1.70; NaSCN
concentration able to reduce the absorbance by 50% in the initial
IgG level was calculated; A and B corresponding to the lowest and
the highest NaSCN concentration that gives reduction of the absor-
bance lower than 50% and higher than 50%, respectively[30].

2.9. Statistical analysis

Results were analyzed using GraphPadPrism 6 software (Graph-
Pad Software, San Diego, CA, USA). The values of P < 0.05 (*),
P < 0.01 (**) and P < 0.001 (***) were considered statistically signif-
icant between the experimental groups, respectively.
3. Results and discussions

3.1. Preparation and purification of the CPS-PEG-HBc conjugate
vaccines

In principle, HBc could be possibly conjugated with CNBr acti-
vated CPS directly through the reaction between -O-CN in CNBr
activated CPS and the primary amine in HBc. However, in our pre-
liminary experiment, we were not able to obtain conjugation of
HBc-CPS without PEG spacer. Steric hindrance could be one of
the major reason, since both HBc and CPS has large molecular
weight. Low reactivity of primary amine in HBc with -O-CN in CNBr
activated CPS could also be possible reason.

To realized effective conjugation of CPS with HBc, a heterobi-
functional linker amine-PEG-maleimide was used. As illustrated
in Fig. 1, HBc was firstly thiolated by IT reagent to introduce thiols
groups, which were reacted with the maleimide groups in heterob-
ifunctional amine-PEG-maleimide linker. The amine groups left on
the other side in the PEG linkers were further coupled with the -O-
CN groups in CNBr activated CPS.

By measuring the thiol groups of the thiolated HBc using 5,50-
dithio-bis- (2-nitrobenzoic acid) (Ellman’s reagent), the thiolation
extent of HBc was estimated to be about 0.094 lmol thiol group
per mg HBc. The derivatization degree of P2k, P5k, and P10k to
the thiolated HBc were 0.012, 0.01, and 0.012 lmol PEG per mg
HBc, respectively, calculated based one the decrement of thiol
groups after PEG modification.

HPSEC equipped with a TSK 5000 PWXL column was used to
analyze the HBc before and after modification. As shown in
Fig. 2a, the pure HBc was eluted as a single peak at about
15 min. The retention time of the thiolated HBc advanced slightly,
but no aggregation was observed through disulfide formation. The
further PEGylation of HBc lead to more remarkable advance in
retention time and broader peak due to the conjugation and poly-
dispersity of PEG.

Fig. 2b shows the chromatograms for purification of the CPS-
PEG-HBc conjugate vaccines reaction mixtures on a Sephacryl
S500HR SEC column (1.6 cm � 70 cm). Since there are overlaps in
retention time of un-reacted HBc and CPS, as well as the conjugate
vaccines, the elution peaks between 80 and 110 ml were collected
for the conjugate vaccines to obtain product with higher purity.
The purified vaccines were then analyzed by TSK 5000 PWXL
HPSEC connected with MALLS, the chromatograms are presented
in Fig. 2c. Assuming the dn/dc value for HBc of 0.185 ml/g and
the value for CPS of 0.171 ml/g [31], the molecular weight of
unconjugated HBc and CPS were calculated to be 6.64 � 103 kDa
and 1.08 � 102 kDa using the ASTRA software (Wyatt Technology,
USA). Compared to the pure HBc and CPS, significant advancement
in retention time was observed for all these three conjugate
vaccines, indicating a successful conjugation of HBc and CPS
through PEG linker. To obtain the Mw of the conjugated vaccine,
dn/dc(conjugate) was calculated according to the following equation:

dn=dcðConjugateÞ ¼ R� dn=dc CPSð Þ þ dn=dc HBcð Þ
Rþ 1

ð2Þ

where the R represent the CPS/HBc ratio (w/w). By comparing the
protein content and CPS content in the purified conjugate vaccines
determined through Bradford assay and deoxycholic acid precipita-
tion methods, the R values were determined to be 0.62, 0.43 and
0.54, for CPS-P2k-HBc, CPS-P5k-HBc, and CPS-P10k-HBc, respec-
tively. Accordingly, the dn/dc value of each of these three vaccines
was 0.180 ml/g (P2k), 0.181 ml/g (P5k), 0.180 ml/g (P10k). Using
these dn/dc(conjugate) values and the ASTRA� software, the average
Mw of the conjugated vaccines were calculated to be
1.04 � 104 kDa (P2k), 9.11 � 103 kDa (P5k), and 1.01 � 104 kDa
(P10k), respectively.

Based on the molecular structure and compositions of the con-
jugate vaccines, the CPS/HBc ratios (R, w/w) of the conjugates can
also be approximately calculated from the molecular weight of
each compound using the following equation:

R ¼ ðM �M2 �M3 � nÞ=M2 ð3Þ
whereM,M2 andM3 were the molar mass of the conjugate vaccines,
HBc, and PEG, which are determined by HPSEC-MALLS; n represents
the numbers of PEG linked to each HBc VLP. The calculated R values
for CPS-P2k-HBc, CPS-P2k-HBc and CPS-P2k-HBc were 0.56, 0.37,
and 0.51, respectively, which are all close to their corresponding
values determined from deoxycholic acid precipitate analysis.

From Fig. 2(b), it is clear that the Sephacryl S500HR SEC column
cannot make complete separation of the conjugates from the
unconjugated CPS. As listed in Table 1, the content of unconjugated
CPS in the three conjugate vaccines was around 10%. This value is
close to many of reported polysaccharide conjugate vaccines using
conventional tetanus toxoid as carrier proteins [24,30,32]. The
WHO requirements have not established a maximal free polysac-
charide content allowed for these vaccines, but this rate would
be acceptable considering the established limits for Hib conjugate
vaccines (maximal of 20% free PRP, [33]).

The preparation process of the HBc-PEG-CPS conjugated
vaccines was also monitored by native agarose gel electrophoresis



Fig. 2. Purification and analysis of HBc, CPS and the three CPS-PEG-HBc conjugate vaccines. (a) HPSEC analysis of HBc and the modified samples on a TSK G5000 PWXL
column (300 � 7.8 mm, I.D.) eluted by 50 mM PB (pH 6.8) at a flow rate of 0.5 ml/min. (b) Purification of the three vaccines performed on a Sephacryl S500HR column
(1.6 cm � 70 cm) at a flow rate of 2 ml/min. (c) HPSEC-MALLS assay of the CPS, HBc and the three purified vaccines on TSK G5000 PWXL column. (d) Native agarose gel
electrophoresis analysis. Lanes: 1, original HBc; 2, thiolated HBc; 3, HBc-P2k; 4, HBc-P5k; 5, HBc-P10k; 6, HBc-P2k-CPS; 7, HBc-P5k-CPS; 8, HBc-P10k-CPS.

Table 1
Analysis the molar mass, free CPS and CPS/HBc ratio of the conjugate vaccines.

Conjugates Calculated
Mw (kDa)

Unconjugated
CPS (%)

CPS/HBc
Ratio (w/w)a

CPS/HBc
Ratio (w/w)b

CPS-P2k-HBc 10400 ± 100.2 11.78 ± 2.9 0.62 0.56
CPS-P5k-HBc 9110 ± 82 12.36 ± 3.7 0.43 0.37
CPS-P10k-HBc 10070 ± 103 9.54 ± 2.6 0.54 0.51

a The values represent was calculated by deoxycholic acid precipitate.
b The values represent was calculated by multi-angle light scattering analysis.
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analysis. The nucleic acids inside the HBc-VLPs were visualized by
GelRed staining, so that the mobility of the HBc before and after
conjugation with CPS can be visualized. Compared with the origi-
nal HBc-VLPs, PEG modification lead to significant lower mobility.
After conjugation with CPS, the HBc-PEG-CPS conjugated vaccines
even cannot migrate in agarose gel due to significant increase in
the molecular weight. Both agarose gel electrophoresis analysis
and HPSEC indicate that there was no free HBc-VLPs in the pre-
pared conjugate vaccines.

3.2. Structure analysis of the CPS-PEG-HBc conjugate vaccines

The secondary structure of the HBc-VLPs and the CPS-PEG-HBc
conjugate vaccines were characterized by dichroism spectroscopy
(CD) analysis, and the profiles were shown in Fig. 3a. Compared
with the HBc-VLPs, the characteristics negative peaks at around
208 and 222 nm, corresponding to a-helix, slightly changed after
conjugation with CPS. Particularly, there was a marginal decrease
in the ellipticity values at 222 nm for the three vaccines, indicating
a slight decrease in a-helix content compared to the original HBc. It
was speculated that the conjugation of CPS on the HBc particle sur-
face lead to stretching of peptide chain due to increased
hydrophilicity. The same fluorescence maximum emission wave-
length (Fig. 3b) indicated that the conjugation of CPS to HBc did
not lead to noteworthy conformational change.

The integrity of the unconjugated HBc-VLPs and conjugated
vaccines was characterized by DLS and TEM. The particle size dis-
tributions based on volume distribution determined by DLS show
that the unconjugated HBc-VLPs has diameter about 28.2 nm
(Fig. 3c). After CPS conjugation, significantly increased particle size
were the hydrodynamic diameters of the three conjugate
vaccines increased significantly to 122.4 nm (CPS-P2k-HBc),
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Fig. 3. (a) Circular dichroism spectra, (b) Intrinsic fluorescence, (c) DLS, and (d) TEM analyses of HBc and the three conjugate vaccines.
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105.7 (CPS-P5k-HBc), and 122.4 nm (CPS-P10k-HBc), respectively.
While the TEM images of the HBc-VLPs and the conjugates indicate
the particle structure of the VLPs were well preserved after conju-
gated with CPS, though the surfaces of the three vaccines become
diffuse and some adhesion between particles were observed due
to surrounding of capsular polysaccharide. It was considered both
the hydrated layer of PEG linker and the CPS contributed to such
significant increase in molecular volume and the inconsistence in
DLS and TEM characterizations.
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3.3. CPS-specific IgG and its subclasses

CPS-specific IgG and its subclass in the mice sera were deter-
mined in BALB/c mice immunized subcutaneously with CPS, the
physical mixture of CPS and HBc, CPS-P2k–HBc, CPS–P5k–HBc
and CPS-P10k-HBc. The IgG titer elicited by free CPS was rather
low and showed no apparent increase with two-boosted vaccina-
tion (Fig. 4a). While the mice treated by the three conjugate vacci-
nes exhibited high and increasing CPS-specific IgG titers following
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a booster vaccination. The second injections of the three conjugate
vaccines elicited boosting effects (about two- to six-fold rise) as
compared to the first injection. On days 21, the anti-CPS titers for
the three conjugate vaccines were about 10 times higher than
CPS alone (P < 0.001), injection. This IgG response clearly showed
T-cell dependent immune response after coupling the plain
polysaccharide to HBc carrier [30]. Moreover, the antibody titers
were also significantly higher (P < 0.001) than that elicited by the
physical mixture of two components, indicating the conjugation
of CPS with HBc was more efficient than simple mixing to induce
stronger humoral response. The total specific IgG titer elicited by
three conjugate vaccines with 2 kDa PEG, 5 kDa PEG, and 10 kDa
PEG have no significant difference, indicating that different length
of PEG did not affect the significantly effect on immunogenicity of
the conjugate vaccines during 21 days’ measurements.

The IgG1 and IgG2a subclasses on days 7, 14, and 21 were fur-
ther assessed to characterize the antigen specific antibody
responses induced by CPS and the conjugated CPS (Fig. 4b, c).

For all of the three conjugation vaccines, the enhancement in
IgG2a titers was more noteworthy than in IgG1 titers. On day 21,
CPS–P2k–HBc, CPS–P5k–HBc and CPS-P10k-HBc elicited 36.6-fold
(P < 0.001), 29.7-fold (P < 0.01) and 34.3-fold (P < 0.001) rise in
IgG2a titers respectively, as compared with that of CPS (Fig. 4c).
The IgG2a/IgG1 ratio was calculated to further analyze Th1/Th2
type of the induced immune response of CPS and the conjugated
ones. On day 21, the IgG2a/IgG1 ratio for free CPS was 0.525, indi-
cating a predominate Th2-type immune response, which was in
consistent with most of previous report [24,34]. While the CPS-
Fig. 5. Persistence of the CPS-specific IgG during 18 weeks period after injections of
the vaccines. Bar represents mean ± S.D. from 6 mice per group.
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specific IgG2a/IgG1 ratios of the three conjugate vaccines all
increased gradually to above 4.0 (Fig. 4d), indicating a Th1-type
cellular immune response was predominantly activated by conju-
gating the CPS to HBc-VLPs. Increase in IgG2a/IgG1 ratios was usu-
ally found in polysaccharide conjugate vaccine with other protein
like TT as carrier protein [24,34], nevertheless, such shifting of
Th1 type immune from Th 2 type immune response found in CPS
conjugation vaccine using HBc as carrier protein was rarely
reported, unless TLR7 agonist and Alum-OH adjuvant were applied
[35]. The inherent adjuvant properties of HBc-VLPs were consid-
ered to play major roles in the enhancement in the cellular
immune response found in this work due to their particulate nat-
ure [15]. VLPs can enter both MHC class I and class II antigen pro-
cessing pathways in antigen presenting cells, eliciting both
humoral and cellular immune responses [36]. Specifically, the
protamine-like domain in the full-length HBc VLPs would enable
the VLPs and the linked CPS a high potential to bind to the cell sur-
face heparan sulfate on a variety of cell type to increase the antigen
presentation [37].

3.4. Immune persistence of antibody avidity analyses of the conjugate
vaccines

Fig. 5 presents the CPS-specific IgG titers during 18 weeks after
three times immunization with each of vaccine. CPS can induce
low antibody titers that gradually vanish. The titers of the physical
mixtures of CPS and HBc increased temporarily but dropped down
rapidly at the sixth week. It may be due to the transient adjuvant
effect of co-administration of HBc and CPS. The CPS-specific IgG
titers elicited by the three conjugate vaccines increased gradually
after each of injection and a peak plateau was observed in weeks
4–6, and there was no significant difference in antibody titers in
these three vaccines with different PEG chain length. After week
6, however, the IgG titers elicited by CPS-P5k-HBc showed a faster
decrease than those by CPS-P2k-HBc and CPS-P10k-HBc, probably
due to the relative low CPS/HBc ratio of CPS-P5k-HBc compared
with the other two vaccines (Table 1). The CPS-P10k-HBc shows
the best immune persistence, such that 38.1% of the peak IgG titers
was remained at week 18, followed by CPS-P2k-HBc (33.3% of peak
value) and CPS-P5k-HBc (17.9% of the peak value). Huang et al. [24]
prepared meningococcal group Y polysaccharide conjugate vaccine
using TT as carrier protein and PEG of different chain length as
linkers. It was found the conjugate vaccine prepared with 2 kDa
PEG had the best immune persistence that about 23.0% of its peak
value was remained at week 18. This revealed that conjugate
vaccine prepared with HBc as carrier protein can prolong the
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persistence of CPS-specific antibody titer and induced immunolog-
ical memory in the mice more efficiently.

Fig. 6a shows the results of competitive-inhibition ELISA analy-
sis of CPS-specific IgG elicited by the three vaccines. Obviously, the
free CPS added in the serum will competitively bind to the CPS-
specific IgG in the serum, thus inhibit the IgG binding to the immo-
bilized CPS during ELISA assay. Even though, the serum IgG showed
high affinity to bind the immobilized CPS in the absence of free
CPS, until the free CPS amount reach to 15 lg. This indicated that
the IgG elicited by all these three conjugate vaccines are CPS
specific.

Avidity maturation is an important marker of induction of
immunologic memory and it has been shown that higher avidity
anticapsular antibodies are more active than lower avidity anti-
bodies in eliciting complement-mediated bacteriolysis [30].
According to the avidity index values presented in Fig. 6b, the
CPS-specific IgG elicited by all these three conjugate vaccines
showed higher avidity than that of free CPS and the physical mix-
ture of CPS and HBc VLPs (P < 0.05). Therefore, we can conclude
that the conjugation of CPS with HBc can significantly increase
antigen–antibody binding affinity. Moreover, the three conjugates
showed no significant difference in the IgG avidity (P greater
than 0.05).

4. Conclusion

In the present study, a full-length HBc VLPs was explored for the
first as carrier protein to prepare a CPS conjugate vaccine using
heterobifunctional PEG of different chain length as linker. The
physiochemical properties of the synthesized conjugate vaccines
were fully characterized by CD, fluorescence analysis, DLS, TEM,
native agarose electrophoresis, et al. Immunization tests on mice
show that compared with free CPS and the physical mixture of
CPS and HBc VLPs, the CPS-PEG-HBc conjugate vaccines can elicit
significantly higher CPS-specific antibody, much prolonged
immune persistence, as well as enhanced CPS-specific antibody
avidity. Moreover, benefited from the inherit adjuvant properties
of HBc VLPs, both strong humoral and cellular immune responses
were efficiently elicited. In summary, we have demonstrated that
the HBc VLPs can potentially be an excellent carrier protein alter-
native to currently used TT and DT for development of a groups
of polysaccharide conjugate vaccines. The next work will be
focused on immunology mechanism analysis to confirm these gen-
eric advantages of employing HBc VLPs as carrier protein and
delivery system for the polysaccharide conjugate vaccines. It is
very likely that new findings and surprises will be reported in
the future on the use of HBc-based VLPs in development of novel
vaccines for fundamental and applied purposes.

Acknowledgements

Financial supports from the National Key R & D Program of
China (No 2016YFD0500800, 2016YFD0500809), National Natural
Sciences Foundation of China (Nos. 21821005, 81773623,
21808226) are acknowledged.

Conflict of interest statement

The authors declare no conflicts of interest, and all authors
attest they meet the ICMJE criteria for authorship.

References

[1] Christensen H, May M, Bowen L, Hickman M, Trotter CL. Meningococcal
carriage by age: a systematic review and meta-analysis. Lancet Infect Dis
2010;10(12):853–61.
[2] Crum-CianfloneN Sullivan E. Meningococcal vaccinations. Infect Dis Ther
2016;5(2):89–112.

[3] Stephens DS, Greenwood B, Brandtzaeg P. Epidemic meningitis,
meningococcaemia, andNeisseriameningitidis. Lancet2007;369(9580):2196–210.

[4] Avci FY, Li X, Tsuji M, Kasper DL. A mechanism for glycoconjugate vaccine
activation of the adaptive immune system and its implications for vaccine
design. Nat Med 2011;17(12):1602–9.

[5] Neumüller C. Detoxification of diphtheria toxin with formaldehyde mixed with
an amino-acid. Nature 1954;174(4426):405–6.

[6] Giannini G, Rappuoli R, Ratti G. The amino-acid sequence of two non-toxic
mutants of diphtheria toxin: CRM45 and CRM197. Nucl Acids Res 1984;12
(10):4063–9.

[7] Donnelly JJ, Deck RR, Liu MA. Immunogenicity of a Haemophilus influenzae
polysaccharide-Neisseria meningitidis outer membrane protein complex
conjugate vaccine. J Immunol 1990;145(9):3071–9.

[8] Prymula R, Schuerman L. 10-valent pneumococcal nontypeable Haemophilus
influenzae PD conjugate vaccine: Synflorix. Expert Rev Vaccines 2009;8
(11):1479–500.

[9] Pobre K, Tashani M, Ridda I, Rashid H, Wong M, Booy R. Carrier priming or
suppression: understanding carrier priming enhancementof anti-polysaccharide
antibody response to conjugate vaccines. Vaccine 2014;32(13):1423–30.

[10] Dagan R, Poolman J, Siegrist CA. Glycoconjugate vaccines and immune
interference: a review. Vaccine 2010;28(34):5513–23.

[11] Dagan R, Eskola J, Leclerc C, Leroy O. Reduced response to multiple vaccines
sharing common protein epitopes that are administered simultaneously to
infants. Infect Immun 1998;66(5):2093–8.

[12] Schwarz K, Meijerink E, Speiser DE, Tissot AC, Cielens I, Dishlers Renhof R, et al.
Efficient homologous prime-boost strategies for T cell vaccination based on
virus-like particles. Eur J Immunol 2005;35(3):816–21.

[13] Mohsen MO, Zha L, Cabral-Miranda G, Bachmann MF. Major findings and
recent advances in virus-like particle (VLP)-based vaccines. Semin Immunol
2017;34:123–32.

[14] Lu Y, Chan W, Ko BY, Vanlang CC, Swartz JR. Assessing sequence plasticity of a
virus-like nanoparticle by evolution toward a versatile scaffold for vaccines
and drug delivery. Proc Natl Acad Sci USA 2015;112(40):12360–5.

[15] Roose K, De BS, Schepens B, Saelens X. Hepatitis B core-based virus-like
particles to present heterologous epitopes. Expert Rev Vaccines 2013;12
(2):183–98.

[16] Pumpens P, Grens E. HBV core particles as a carrier for B cell/T cell epitopes.
Intervirology 2001;44(2–3):98–114.

[17] Pumpens P, Grens E. The true story and advantages of the famous Hepatitis B
virus core particles: outlook 2016. Mol Biol 2016;50(4):489–509.

[18] Clarke BE, Newton SE, Carroll AR, Francis MJ, Appleyard G, Syred AD, et al.
Improved immunogenicity of a peptide epitope after fusion to hepatitis B core
protein. Nature 1987;330(6146):381–4.

[19] Chu XJ, Li Y, Long Q, Xia Y, Yao YF, Sun WJ, et al. Chimeric HBcAg virus-like
particles presenting a HPV 16 E7 epitope significantly suppressed tumor
progression through preventive or therapeutic immunization in a TC-1-grafted
mouse model. Int J Nanomed 2016;11:2417–29.

[20] Tsybalova LM, Stepanova LA, Kuprianov VV, Blokhina EA, Potapchuk MV,
Korotkov AV, et al. Development of a candidate influenza vaccine based on
virus-like particles displaying influenza M2e peptide into the
immunodominant region of hepatitis B core antigen: Broad protective
efficacy of particles carrying four copies of M2e. Vaccine 2015;33(29):3392–7.

[21] Zhang YL, Guo YJ, Wang KY, Lu K, Li K, Zhu Y, et al. Enhanced immunogenicity
of modified hepatitis B virus core particle fused with multiepitopes of foot-
and-mouth disease virus. Scand J Immunol 2007;65(4):320–8.

[22] Xu M, Xing X, Wu Z, Du Y, Hu T. Molecular shape and immunogenicity of
meningococcal polysaccharide group A conjugate vaccine. Vaccine 2015;33
(43):5815–21.

[23] Harrison LH, Trotter CL, Ramsay ME. Global epidemiology of meningococcal
disease. Vaccine 2009;27(S2):B51–63.

[24] Huang QR, Li DX, Kang AJ, An WQ, Fan B, Ma XW, et al. PEG as a spacer arm
markedly increases the immunogenicity of meningococcal group Y
polysaccharide conjugate vaccine. J Control Release 2013;172(1):382–9.

[25] Yang YL, Li H, Li ZJ, Zhang Y, Zhang SP, Chen Y, et al. Size-exclusion HPLC
provides a simple, rapid, and versatile alternative method for quality control of
vaccines by characterizing the assembly of antigens. Vaccine 2015;33
(9):1143–50.

[26] Svennerholm L. Quantitative estimation of sialic acids. II. A colorimetric
resorcinol-hydrochloric acid method. Biochim Biophys Acta 1957;24
(3):604–11.

[27] Lei QP, Lamb DH, Heller R, Pietrobon P. Quantitation of low level unconjugated
polysaccharide in tetanus toxoid-conjugate vaccine by HPAEC/PAD following
rapid separation by deoxycholate/HCl. J Pharmaceut Biomed 2000;21
(6):1087–91.

[28] Adair BM, Mcnulty MS, Todd D, Connor TJ, Burns K. Quantitative estimation of
Newcastle disease virus antibody levels in chickens and turkeys by ELISA.
Avian Pathol 1989;18(1):175–92.

[29] Macdonald RA, Hosking CS, Jones CL. The measurement of relative antibody
affinity by ELISA using thiocyanate elution. J Immunol Methods 1988;106
(2):191–4.

[30] Silveira IA, Bastos RC, Neto MS, Laranjeira AP, Assis EF, Fernandes SA, et al.
Characterization and immunogenicity of meningococcal group C conjugate
vaccine prepared using hydrazide-activated tetanus toxoid. Vaccine 2007;25
(41):7261–70.

http://refhub.elsevier.com/S0264-410X(19)30054-4/h0005
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0005
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0005
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0010
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0010
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0015
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0015
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0020
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0020
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0020
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0025
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0025
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0030
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0030
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0030
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0035
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0035
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0035
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0040
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0040
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0040
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0045
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0045
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0045
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0050
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0050
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0055
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0055
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0055
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0060
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0060
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0060
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0065
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0065
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0065
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0070
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0070
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0070
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0075
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0075
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0075
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0080
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0080
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0085
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0085
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0090
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0090
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0090
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0095
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0095
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0095
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0095
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0100
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0100
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0100
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0100
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0100
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0105
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0105
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0105
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0110
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0110
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0110
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0115
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0115
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0120
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0120
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0120
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0125
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0125
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0125
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0125
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0130
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0130
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0130
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0135
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0135
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0135
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0135
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0140
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0140
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0140
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0145
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0145
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0145
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0150
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0150
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0150
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0150


964 L. Xu et al. / Vaccine 37 (2019) 956–964
[31] Jumel K, Ho MM, Bolgiano B. Evaluation of meningococcal C oligosaccharide
conjugate vaccines by size-exclusion chromatography/multi-angle laser light
scattering. Biotechnol Appl Biochem 2002;36(Pt3):219–26.

[32] Beuvery EC, van Delft RW, Miedema F, Kanhai V, Nagel J. Immunological
evaluation of meningococcal group C polysaccharide-tetanus toxoid conjugate
in mice. Infect Immun 1983;41(2):609–17.

[33] Cuervo ML, Pérez LR, Oviedo M, Costa L, Perdomo V. Relationships among
physico-chemical and biological tests for a synthetic Hib-TT conjugate vaccine.
Vaccine 2007;25(1):194–200.

[34] Zhang T, Yu W, Wang Y, Hu T. Moderate PEGylation of the carrier protein
improves the polysaccharide-specific immunogenicity of meningococcal
group A polysaccharide conjugate vaccine. Vaccine 2015;33(28):3208–14.
[35] Donadei A, Balocchi C, Mancini F, Proietti D, Gallorini S, O’Hagan DT, et al. The
adjuvant effect of TLR7 agonist conjugated to a meningococcal serogroup C
glycoconjugate vaccine. Eur J Pharm Biopharm 2016;107:110–9.

[36] Buonaguro FM, Tornesello ML, Buonaguro L. Virus-like particle vaccines and
adjuvants: the HPV paradigm. Expert Rev Vaccines 2009;8(10):1379–98.

[37] Vanlandschoot P, Van HF, Serruys B, Leroux-Roels G. The arginine-rich
carboxy-terminal domain of the hepatitis B virus core protein mediates
attachment of nucleocapsids to cell-surface-expressed heparan sulfate. J Gen
Virol 2005;86(Pt 1):75–84.

http://refhub.elsevier.com/S0264-410X(19)30054-4/h0155
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0155
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0155
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0160
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0160
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0160
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0165
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0165
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0165
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0170
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0170
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0170
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0175
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0175
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0175
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0180
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0180
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0185
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0185
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0185
http://refhub.elsevier.com/S0264-410X(19)30054-4/h0185

	Development of meningococcal polysaccharide conjugate vaccine that can elicit long-lasting and strong cellular immune response with hepatitis B core antigen virus-like particles as a novel carrier protein
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Preparation of the CPS-PEG-HBc conjugate vaccines
	2.3 Quantitative assay of CPS
	2.4 High performance size-exclusion chromatography (HPSEC) assay
	2.5 TEM, DLS and native agarose gel electrophoresis analysis
	2.6 Circular dichroism (CD) spectroscopy and fluorescence measurement
	2.7 Immunization schedule
	2.8 ELISA assay
	2.9 Statistical analysis

	3 Results and discussions
	3.1 Preparation and purification of the CPS-PEG-HBc conjugate vaccines
	3.2 Structure analysis of the CPS-PEG-HBc conjugate vaccines
	3.3 CPS-specific IgG and its subclasses
	3.4 Immune persistence of antibody avidity analyses of the conjugate vaccines

	4 Conclusion
	ack19
	Acknowledgements
	Conflict of interest statement
	References


