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Introduction

Treponema pallidum (Tp) infects humans through mucous mem-
branes or injured skin. Local mucosal specific sIgA is of great 
importance for the early anti-Tp infection. Systemic humoral 
and cellular immune responses are the main factors to prevent 
Tp proliferation and ultimately eliminate Tp.1 Therefore, ideal 
anti-Tp vaccine should stimulate systemic immunity and muco-
sal immunity. However, conventional intramuscular injection of 
DNA vaccine usually induces strong systemic humoral and cellu-
lar immune responses, but low levels of local mucosal immunity, 
which makes it difficult to achieve the desired immune protec-
tion. However, DNA vaccines enhanced by adjuvants may resolve 
this problem.

Tp usually invades genital mucosa. Due to the inconvenient 
operation and low efficacy, rectal and vaginal immunization 

Objectives: The protective response against Treponema pallidum (Tp) infection of a DNA vaccine enhanced by an 
adjuvant CpG ODN was investigated.

Results: The mucosal adjuvant CpG ODN enhanced the production of higher levels of anti-TpGpd antibodies induced 
by pcD/Gpd-IL-2 in rabbits. It also resulted in higher levels of secretion of IL-2 and IFN-γ, and facilitated T cell proliferation 
and differentiation (p < 0.05). No significant difference about testing index above-mentioned was found in the intranasal 
immunization group of pcD/Gpd-IL-2 vaccine adjuvanted by CpG ODN when compared with the immunization by pcD/
Gpd-IL-2 vaccine intramuscular injection alone (p > 0.05). Furthermore, CpG ODN stimulated the production of mucosa-
specific anti-sIgA antibodies and resulted in the lowest Tp-positive rate (6.7%) for Tp-infection of skin lesions and the 
lowest rates (8.3%) of ulceration lesions, thus achieving better protective effects.

Methods: New Zealand rabbits were immunized with the eukaryotic vector encoding recombinant pcD/Gpd-IL-2 
using intramuscular multi-injection or together with mucosal enhancement via a nasal route. The effect of the mucosal 
adjuvant CpG ODN was examined.

Conclusions: The CpG ODN adjuvant significantly enhances the humoral and cellular immune effects of the immu-
nization by pcD/Gpd-IL-2 with mucosal enhancement via nasal route. It also stimulates strong mucosal immune effects, 
thus initiating more efficient immune-protective effects.

CpG adjuvant enhances the mucosal 
immunogenicity and efficacy of a  

Treponema pallidum DNA vaccine in rabbits
Feijun Zhao,1,† Shuangquan Liu,2,3,† Xiaohong Zhang,4 Jian Yu,5 Tiebing Zeng,1 Weiming Gu,6 Xunyu Cao,3 Xi Chen7  

and Yimou Wu1,*

1Pathogenic Biology Institute; University of South China; Hengyang City, Hunan Province, P.R. China; 2Department of Anatomy & Neurobiology, Xiangya School of Medicine; 
Central South University; Changsha, P.R. China; 3First Affiliated Hospital; University of South China; Hengyang City, Hunan Province, P.R. China; 4Department of Histology and 

Embryology; School of Medicine; University of South China; Hengyang City; Hunan Province, P.R. China; 5Department of Experimental Zoology; School of Medicine, University 
of South China; Hengyang City, Hunan Province, P.R. China; 6Skin Diseases and STD Hospital; Shanghai, P.R. China; 7Centers for Disease Control of Hunan Province; Changsha 

City; Hunan province, P.R. China

†These authors contribute equally to this work.

Keywords: Treponema pallidum, membrane protein, Tp Gpd, CpG ODN, DNA vaccine, mucosal immune, mucosal adjuvant

requires large doses of antigen and adjuvant. The common muco-
sal immune system (CMIS) in the body induces distant mucosal 
surface to secrete antigen-specific sIgA after part of mucosal sur-
face is immunized.2,3 In recent years, the nasal mucosal immunity 
gets more and more attention. It has been shown4,5 that intranasal 
vaccination is the most effective way to obtain mucosal immu-
nity. The intranasal vaccination induces relatively high levels of 
IgA and IgG antibodies not only in the proximal nasal, bron-
chia and lung, but also in the rectum, vagina and other remote 
mucosa, resulting in various mucosal protections.

Because of the special physical and chemical condition of 
mucosal surface, the immune responses to vaccine immunogen 
are weakened. Therefore appropriate mucosal immune vector 
is required to effectively stimulate the mucosal immune sys-
tem. Some material from bacterium have been used for mucosal 
vaccine adjuvants and vectors, such as cholera toxin (CT) and 
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As shown in Figure 1, the specific anti-Gpd IgG antibody lev-
els in all experimental groups (A2, B1 and B2) were significantly 
(p < 0.001) higher than the levels in the control groups 4 weeks, 6 
weeks and 8 weeks after primary immunization, respectively (A1, 
C1 and C2). Anti-Gpd IgG antibody levels were significantly (p < 
0.05) higher at each point after immunization (4 weeks, 6 weeks, 
8 weeks) between group B2 and B1, group A2 and B1. However, 
there were no significantly difference (p > 0.05) between group 
A2 and B2, group A1 and C1, C2 and control group. The above 
results suggest that the mucosal adjuvant CpG ODN signifi-
cantly enhances serum specific IgG antibody levels of the pcD/
Gpd-IL-2 DNA vaccine.

CpG ODN significantly enhances the secretion levels of 
DNA vaccine-induced IFN-γ and IL-2 cytokines. In the above 
inoculation experiments, the rabbit spleen cells were collected in 
week 8 and cultured. The IL-2 and IFN-γ levels in the super-
natants harvested from the cultured cells were determined by 
ELISA to evaluate and compare cytokine stimulation of each 
vaccine. As given in Table 2, IL-2 and IFN-γ secretion in rab-
bit spleen lymphocyte culture supernatant of vaccine groups (A2, 
B1, B2) were significantly (p < 0.001) higher than those in the 
control group (A1, C1 and C2). The IL-2 secretion level of rab-
bit spleen lymphocyte culture supernatant was not significantly 
different between group B1 and B2 (p > 0.05), but there was 
significantly difference between B1 and A2 (p < 0.001). There 
was significant difference (p < 0.05) in IFN-γ secretion levels 
between B1 and A2 or B2. There was significantly difference in 
IL-2 and IFN-γ secretion levels between C2 and A1 or C1 (p < 
0.05). There was no significantly difference between A1 and C1 
(p > 0.05). The above results suggest that mucosal adjuvant CpG 
ODN significantly enhances pcD/Gpd-IL-2 DNA vaccines to 
stimulate IFN-γ cytokine secretion levels in spleen lymphocytes.

CpG ODN significantly enhances the pcD/Gpd-IL-2 DNA 
vaccine-induced rabbit spleen cell stimulation index (SI). 
Rabbit spleen cells were collected at week 8 and proliferation 
of T cells were determined by the 3-(4,5-dimethylthiazol-2-yl)-
2,5-di-phenyltetrazolium bromide (MTT) method. As shown in 
Table 3, 8 weeks after immunization, rabbit spleen cell SI in vac-
cine groups (A2, B1, B2) was significantly (p < 0.001) higher than 
those in the control groups (A1, C1, C2). The SI was significantly 
(p < 0.05) higher in group B1 than groups A2 and B2. There 
was no significant difference between group A2 and group B2, or 

heat-labile entertoxin (LT) of Escherichia coli.6-12 Although CT 
and LT are good mucosal adjuvants, animal experiments have 
shown considerable toxicity. Therefore, clinical application of 
CT and LT is limited for their enterotoxin. Synthetic unmeth-
ylated CpG oligodeoxynucleotides (CpG ODN) are a kind of 
mucosal adjuvants with worldwide attention for its broad applica-
tion prospects in the recent years. McCluskie et al.13 performed 
rat experiments with hepatitis B surface antigen nuclear TT as 
the antigen and CpG as an adjuvant through oral and nasogastric 
immunization, respectively. Compared with CT adjuvant group, 
CpG was better both for the mucosal immunity induction and 
immune response, which shows CpG is an effective mucosal 
immune adjuvant.

Our previous studies have shown the enhanced humoral and 
cellular immune response and protective efficacy of Tp92 or 
TpGpd membrane protein DNA vaccine, adjuvanted with IL-2 
and vectored with chitosan (CS) nanoparticles, but the intramus-
cular injection of DNA vaccines cannot induce complete immune 
protection in a Tp rabbit challenge model.14,15 Therefore, based on 
the previous research work,14 fusion expression of recombinant 
pcDNA3.1/Gpd-IL-2 was successfully constructed by genetic 
engineering techniques. The immune response was enhanced 
and induced by IL-2 as an adjuvant in this study. In the mean-
time, intramuscular injection of primary CpG ODN DNA vac-
cine enhanced by nasogastric mucosal vaccination was adopted 
in order to fully strengthen immunization, especially mucosal 
immunity and eventually establish active anti-Tp immunity in 
animal models.

Results

CpG ODN significantly enhances levels of the serum-specific 
IgG antibody induced by DNA vaccine. New Zealand white 
rabbits were randomly divided into six groups, with each group 
consisting of 18 rabbits. Primary immunization of the pcD/
Gpd-IL-2 DNA vaccine and empty plasmid were intramuscularly 
multi-inoculated into the quadriceps of left leg in rabbits. The 
vaccination strategy and experimental grouping were given in 
Table 1. To compare the pcD/Gpd-IL-2 DNA vaccine-induced 
humoral immune effects among groups, indirect enzyme linked 
immunosorbent assay (ELISA) method was used to measure anti-
gen-specific antibody levels in the serum in each group.

Table 1. Vaccination strategy and experimental grouping

Group
No. of 

rabbits

pcDvaccine 
inoculation/
each rabbit

pcD/Gpd-IL-2 vaccine 
inoculation/each 

rabbit

CpG 
ODNadjuvant 

inoculation/each 
rabbit

Immunization strategyimmunization phase: vaccine types 
(inoculation method) intramuscular injection(im) Nasal  

mucosal immunization(Nasal)

A1 18 100 µg Primary: pcD control(im), Second:pcD control(im)

A2 18 100 µg Primary: pcD/Gpd-IL-2 (im), Second:pcD/Gpd-IL-2 (im)

B1 18 100 µg Primary: pcD/Gpd-IL-2 (im), Second:pcD/Gpd-IL-2(Nasal)

B2 18 100 µg 10 µg
Primary: pcD/Gpd-IL-2 (im), Second:pcD/Gpd-IL-

2+CpGODN(Nasal)

C1 18 100 µg Primary: pcD (im), Second:pcD(Nasal)

C2 18 100 µg 10 µg Primary: pcD (im), Second:pcD+CpGODN(Nasal)
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swelling diameter was mediate in the B1 group (Fig. 2B). The 
swelling diameter was smallest in the A2 group (Fig. 2C) and the 
B2 group (Fig. 2D). There was no significant difference between 
the groups A2 (Fig. 2C) and B2 (Fig. 2D).

At week10 after Tp Gpd DNA vaccine immunization, 15 of 
18 rabbits in each group were challenged intradermally at eight 
sites on their shaved backs with 105 T. pallidum (Nichols) spiro-
chetes. Diameters of the erythematous lesions from all groups 
were determined at 3-d intervals (in 0 to 60 d). As shown in  
Figure 3, each bar represents the mean ± SE of diameters of ery-
thematous lesions from 15 rabbits in each group. The swellings in 
all experimental groups appeared in the first 3 d (about 3–5 mm 
in diameter). In the group A2, a swelling peak appeared at 12th 
day with a mean swelling diameter up to 9.50 mm. The swellings 
in the A2 group disappeared completely at the 45th day. In the 
group B2, a swelling peak appeared at 21st day with a mean swell-
ing diameter of 9.50 mm. The swellings in the B2 group disap-
peared at the 48th day. In the group B1, a swelling peak appeared 
at 21st day with a mean swelling diameter of 12.0 mm. The swell-
ings in the B1 group disappeared at the 54th day. In the groups 
A1 and C1, the swelling appeared relatively late (at 6th day) 
and the mean size was smaller (2.5 mm). However, the swelling 
increased rapidly and reached its peaks at 15th day (14.35 mm), 
then reduced slowly and remained at 4 mm at the 60th day. The 
results above suggest that vaccine groups significantly reduce Tp 
positive rate and ulceration regardless of the vaccination strategy, 

between C2 and C1 (p > 0.05). The above results 
suggest that CpG ODN significantly enhances 
the pcD/Gpd-IL-2 DNA vaccine-induced rabbit 
spleen cell SI.

CpG ODN significantly enhances pcD/
Gpd-IL-2 DNA vaccine-induced mucosal specific 
sIgA antibody. ELISA was performed to evaluate 
and compare mucosal immunity, using specific 
SIgA secretion levels in nasopharynx and vaginal 
washing fluid 8 weeks after immunization. As 
shown in Table 4, the average sIgA levels of naso-
pharynx and the vaginal washing fluid were signifi-
cantly (p < 0.005) higher in the vaccine group (B1, 
B2) than in the control group (A1, C1, C2) 8 weeks 
after immunization. There was significant differ-
ence (p < 0.05) between group A2 and B1 or B2. 
There was significant difference (p < 0.05) between 
groups B1 and B2. But there was no significant dif-
ference (p > 0.05) between A1, A2 and C1 or C2. 
The above results suggeste that CpG ODN signifi-
cantly enhances the pcD/Gpd-IL-2 DNA vaccine-
induced specific mucosal SIgA antibody.

Tp positive rates and ulceration numbers 
were reduced in the experimental groups. To 
evaluate skin anti-Tp protection in each group, Tp 
positive rates and ulceration in infection lesions 
were recorded. As shown in Table  5, Tp positive 
rates and ulceration numbers on the rabbit back 
were reduced significantly (p < 0.001) in vaccine 
groups (A2, B1, B2) than in the control groups 
(A1, C1, C2). There were significant (p < 0.05) difference in 
Tp positive rates and ulcerations between A2 (Number of DF+ 
lesions/total, 18.3%; Number of ulcerative lesions/total, 15%) 
and B2 (Number of DF+ lesions/total, 6.7%; Number of ulcer-
ative lesions/total, 8.3%). The differences in the number of DF+ 
lesions/total or the number of ulcerative lesions/total between 
the B1 and B2 groups were also significant (p < 0.05). But there 
was no significant (p > 0.05) difference between group A2 and 
B1 (Number of DF+ lesions/total, 20%; Number of ulcerative 
lesions/total, 18.3%). There was also no significant (p > 0.05) 
difference between groups C1 and C2. The above results showed 
that Tp positive rate and ulceration were reduced significantly 
in the vaccine-inoculated groups regardless of vaccination strat-
egy, indicating strong immune protections. Intramuscular injec-
tion of primary DNA vaccine-CpG ODN-nasogastric mucosal 
vaccination (in group B2) enhanced pcD/TpGpd-IL-2 vaccine 
immune protection significantly.

The intranasal immunization of pcD/Gpd-IL-2 vaccine 
adjuvanted by CpG ODN significantly reduces the prolonged 
healing time and swelling diameter of infection lesions casued 
by Tp. For further evaluation of Tp infection lesion healing, this 
study recorded the various infection sites, swelling and ulcer 
sizes from the infection day to 60 d after infection. As shown 
in Figure 2, eight lesions on each rabbit back were examined 21 
d after infection. The swelling diameter was the largest and the 
ulceration was the most severe in the A1 group (Fig. 2A). The 

Figure 1. Changes in absorbance values of IgG antibodies in the sera of experimental 
rabbits after immunization. At 0, 2, 4, 6 and 8 weeks post-immunization, blood was 
drawn from rabbit ear veins. The anti-TpGpd antibody levels from sera determined by 
the indirect ELISA method. OD 450, optical density at 450 nm. Groups: A1, 2× intramus-
cular immunization of pcD (100 μg); A2, 2× intramuscular immunization of pcD/Gpd-
IL-2(100 μg); B1, 1× intramuscular immunization pcD/Gpd-IL-2 (100 μg) and 1× intranasal 
immunization of pcD/Gpd-IL-2(100 μg); B2, 1× intramuscular immunization pcD/Gpd-
IL-2(100 μg) and 1× intranasal immunization of pcD/Gpd-IL-2 (100 μg) and CpGODN (10 
μg); C1, 1× intramuscular immunization pcD (100 μg) and 1× intranasal immunization 
of pcD (100 μg); C2, 1× intramuscular immunization pcD (100 μg) and 1× intranasal im-
munization of pcD (100 μg) and CpGODN (10 μg).
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immunization targets natural sites used by the invasive patho-
gens. Furthermore, intranasal immunization avoids the damages 
of the acid environment and enzymes in gastrointestinal tract. 
Therefore, intranasal immunization is a kind of effective DNA 
vaccine inoculation. Intranasal immunizations not only induce 
high titers of mucosal antibodies in the proximal nasal, bron-
chia and lung, but also rectum, vagina and other remote mucosal 
tissues to obtain broad mucous membrane protection. It is also 
shown that intranasal immunization induced higher levels of sys-
temic immune responses.16,17

For strong immunity with intramuscular immunization of 
DNA vaccine and effective stimulation of early mucosal immunity, 
intramuscular injection of primary DNA vaccine enhanced by 
CpG ODN via nasogastric mucosal vaccination was performed in 
this study to immunize New Zealand rabbits. It is shown that tradi-
tional intramuscular injection of pcD/Gpd-IL-2 immunity (in the 
A2 group) induced stronger antibody response, cytokine levels and 
immune protection than intramuscular injection of primary DNA 
vaccine-nasogastric mucosal vaccination (the B1 group). Though 
DNA vaccination-nasogastric mucosal vaccination induces a cer-
tain level of sIgA in the nasopharynx and vaginal mucosa, due to 
the intake of epithelial cells in the nasopharynx and upper respi-
ratory tract mucosal, expression of DNA are weak and transient 
because of quick metabolic rate. Therefore, its ability of DNA vac-
cine to express exogenous genes is relatively weak. Moreover, this 
vaccination strategy causes weaker immune response compared 
with traditional multiple injection method. The sIgA secretion in 
nasopharynx and vagina was significantly higher than intramuscu-
lar multiple injection (the A2 group). However, there was no sig-
nificant difference in Tp DF-positive rate and ulceration between 
these two groups, indicating that sIgA may not be the only early 
anti-Tp infection factor.

Recently it is shown18-21 that the diversified immune stimu-
lation of the synthetic CpG ODN leads to a variety activation 
of immune cells, particularly B cells. While it induces cytokine 
secretions, such as IL-12 and IFN, and it activates NK cells, mac-
rophages, T cell and innate immune responses, thereby enhanc-
ing the adaptive immune response, mainly as Th l-type cellular 
immune responses. It is shown that levels of antibodies increased 
15-folds when compared with separately immune animals when 
hepatitis B vaccine (HBsAg) is adjuvanted with CpG ODN to 
immune gorillas and monkeys.22 It indicates that CpGODN is 
great adjuvant for hepatitis B vaccine.22 It is also shown23-25 that 

indicating strong immune protections. However,mucosal adju-
vant CpG ODN (the B2 group) could not significantly reduce 
the prolonged healing times and swelling diameters of infection 
lesions casued by Tp, when compared with the immunization by 
pcD/Gpd-IL-2 vaccine intramuscular injection alone (the A2 
group).

Discussion

Although development of Tp vaccines includes four stages, the 
inactivated vaccine, live attenuated vaccines, recombinant pro-
tein vaccines and DNA vaccines, no effective vaccine against 
Tp infection is currently available. One reason is that Tp cannot 
be cultured in vitro so far, which makes it difficult to prepare 
enough Tp antigens. Although recombination technology can be 
used for production of the antigen protein, the recombinant pro-
tein in E. coli cannot accurately reflect structures of Tp proteins, 
thus affecting the efficacy of vaccines in studies using the rabbit 
model. Compared with the other kinds of vaccines, DNA vac-
cines have relatively better and longer protective effects.

The common mucosal immunity includes oral immunization 
and intranasal immunization. Oral immunization requires high 
doses and repeated vaccinations to induce appropriate immune 
responses. However, its immune response duration is short, and 
sometimes causes immune tolerance. Meanwhile, intranasal 
immunization required less vaccination and adjuvant. Intranasal 

Table 2. Levels of cytokines from splenocytes after TpGpd stimulation in vitro

Group IL-2 (pg/ml) P-value* IFN-γ (pg/ml) P-value*

A1 36.6 ± 6.2 p < 0.001(A1-A2,B1,B2), p = 0.724(A1-C1), p = 0.085(A1-C2) 31.7 ± 5.4 p < 0.001(A1-A2,B1,B2), p = 0.823(A1-C1), p = 0.111(A1-C2)

A2 158.3 ± 14.6 p = 0.004(A2-B2,), p < 0.001(A2-B1, C1,C2) 449.8 ± 22.5 p = 0.379(A2-B2), p < 0.001(A2-B1, C1,C2)

B1 107.4 ± 23.8 p = 0.217(B1-B2), p < 0.001(B1-C1,C2) 363.3 ± 34.4 p = 0.002(B1-B2), p < 0.001(B1-C1,C2)

B2 122.2 ± 19.4 p < 0.001(B2-C1,C2) 433.4 ± 32.8 p < 0.001(B2-C1,C2)

C1 32.5 ± 4.7 p = 0.045(C1-C2) 27.6 ± 4.6 p = 0.075(C1-C2)

C2 57.9 ± 8.8 62.6 ± 9.2

*The groups are as given in legend of Figure 1. With a one-way analysis of variance with a Bonferroni post hoc test (one-way ANOVA), IL-2 (A1, A2, B1, B2, 
C1, C2): f = 42.598, p < 0.001; IFN-γ (A1, A2, B1, B2, C1, C2): f = 267.779, p < 0.001. Pairwise comparison was tested in groups (A1-C2). For example, “A1-A2” 
indicates that pairwise comparison was detected between the A1 control group and the A2 vaccine experimental group.

Table 3. Stimulation index (SI) of spleen cells

Group n SI(week 8) P-value*

A1 3 a 0.87 ± 0.23 p < 0.001(A1-A2,B1,B2), p = 0.418(A1-C1),  
p = 0.820(A1-C2)

A2 3 4.52 ± 0.34 p = 0.418(A2-B2), p < 0.001(A2- B1,C1,C2)

B1 3 3.42 ± 0.24 p = 0.001(B1-B2), p < 0.001(B1-C1,C2)

B2 3 4.34 ± 0.32 p < 0.001(B2-C1,C2)

C1 3 0.69 ± 0.17 p = 0.305 (C1-C2)

C2 3 0.92 ± 0.24

Note: a, mean ± SD *The groups are as given in the legend of Figure 1. 
By a one-way ANOVA,SI (A1, A2, B1, B2, C1, C2): f = 145.147, p < 0.001. 
Pairwise comparison was tested in groups (A1-C2). For example, “A1-A2” 
indicates that pairwise comparison was detected between the A1 con-
trol group and the A2 vaccine experimental group.
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applied to strengthen the immunization of rabbits. It is shown 
that because of the adjuvant effect of CpG ODN, specific IgG 
antibody levels and cytokine levels in the group B2 were higher 
than in the group B1. There is no significant difference between 
the group B2 and traditional intramuscular injection of pcD/
Gpd-IL-2 (the A2 group). However, levels of sIgA in the naso-
pharynx and vaginal mucosal increased significantly compared 
with the group B1 and the group A2. Tp DF-positive rate and 
ulceration on the rabbit back were significantly reduced in group 
B2 compared with groups B1 and A2, but its healing time (48 d) 
was longer than the A2 group (45 d), further indicating that sIgA 
is not the only factor of early anti-Tp infection. In this study, 
Tp infection was performed on the back of rabbit, which may 
not perfectly reflect the effectiveness of the protection by the Tp 
mucosal infection. Therefore, better experimental methods are 
needed in the future research. In our previous study,14,15 induced 
humoral and cellular immunity is of great importance in protec-
tion against the early anti-Tp infection via multiple intramuscu-
lar immune model.

CpG ODN is of strong mucosal adjuvant activity and it has a 
synergistic effect with the mucosal adjuvant CT and LT with 
limited toxic side effects on the human body. Therefore it is a 
very promising mucosal adjuvant.

However, different CpG ODN molecules have different effects 
on immune activation. The same CpG ODN sequence from 
different animal species may trigger different biological activi-
ties.26 Previous report27 indicated that the GTCGTT sequence 
has good stimulation activity to human lymphocyte, which also 
has good stimulation activity to lymphatic cell proliferation of 
a variety of animals, including horses, pigs, dogs, cattle, sheep, 
goats, cats and chickens.28 However, the experimental animals 
used in this study are rabbits, whose CpG ODN sequence con-
tains a GACGTT motif. The GACGTT motif is found to be 
sensitive only to rabbits and mice.29 Therefore, such specificity of 
ODN sequences may affect their application in future research of 
human vaccine candidates.

In this study, intramuscular injection of primary DNA vac-
cine CpG ODN via intranasal immunization (the B2 group) was 

Table 4. Levels of SIgA antibody from immuned rabbits

Group
The SIgA antibody level of nasopharyngeal fluid 

(A492)
P-value* The SIgA antibody level of vaginal fluid(A492) P-value*

A1 0.082 ± 0.010

p = 0.078(A1-A2),  
p < 0.001(A1-B1,B2),  
p = 0.808(A1-C1),  
p = 0.508(A1-C2)

0.05 ± 0.008

p = 0.087(A1-A2) 

p < 0.001(A1-B1,B2) 

p = 0.503(A1-C1) 

p = 0.154(A1-C2)

A2 0.113 ± 0.016

p = 0.002(A2-B1) 

p < 0.001(A2-B2) 

p = 0.120(A2-C1) 

p = 0.238(A2-C2)

0.077 ± 0.007

p = 0.005(A2-B1) 

p < 0.005(A2-B2) 

p = 0.263(A2-C1) 

p = 0.736(A2-C2)

B1 0.175 ± 0.026
p < 0.001(B1- B2, 

C1,C2) 0.127 ± 0.024
p = 0.001(B1-B2, C1) 

p = 0.003(B1-C2)

B2 0.253 ± 0.026 p < 0.001(B2- C1,C2) 0.195 ± 0.032 p < 0.001(B2- C1,C2)

C1 0.086 ± 0.012 p = 0.672(C1-C2) 0.060 ± 0.007 p = 0.423(C1-C2)

C2 0.093 ± 0.022 0.072 ± 0.011
øThe groups are as given in the legend of Figure 1. By a one-way ANOVA, the SIgA antibody level of nasopharyngeal fluid (A492) (A1, A2, B1, B2, C1, C2): f 
= 35.401, p < 0.001. The SIgA antibody level of vaginal fluid(A492)(A1, A2, B1, B2, C1, C2): f = 28.882, p < 0.001. øpairwise comparison was tested in groups 
(A1-C2). For example, “A1-A2” indicates that pairwise comparison was detected between the A1 control group and the A2 vaccine experimental group.

Table 5. Challenge results for immunized rabbits with Tp (Nichols) spirochetes

Group No. of rabbits No. of DF+ lesions/total (%)a P-valueb No. of ulcerative lesions/total (%) P-valueb

A1 15 110/120 (91.7) p < 0.001(A1-A2,B1,B2,) 106/120 (88.3) p < 0.001(A1-A2,B1,B2,)

A2 15 22/120 (18.3)
p > 0.05(A2-B1) 

p < 0.05(A2-B2,C1,C2) 18/120 (15.0)
p > 0.05(A2-B1) 

p < 0.05(A2-B2,C1,C2)

B1 15 24/120(20.0)
p < 0.05(B1-B2,) 

p < 0.001(B1- C1,C2) 22/120(18.3)
p < 0.05(B1-B2) 

p < 0.001(B1- C1,C2)

B2 15 8/120 (6.7) p < 0.001(B2- C1,C2) 10/120 (8.3) p < 0.001(B2- C1,C2)

C1 15 104/120 (86.7) P > 0.05(C1-C2) 102/120 (85.0) P > 0.05(C1-C2)

C2 15 98/120 (81.7) 94/120 (78.3)

Note: aAspirates were taken from lesions and examined for the presence of treponemes under a DF (dark-field) microscope; b χ2Analysis comparing test 
values with nonimmunized control values (A1-C2). The groups are as given in the legend of Figure 1. p < 0.05 was considered significant.



©
20

13
 L

an
de

s 
B

io
sc

ie
nc

e.
 D

o 
no

t d
is

tri
bu

te
.

758	 Human Vaccines & Immunotherapeutics	 Volume 9 Issue 4

for more efficiently body intake and how to target anti-
gen presentation to submucosal immune cells.

Materials and Methods

Bacterial strains, plasmids and animals. Standard Tp 
strains (Nichols strain) were donated by Weiming Gu, 
director of department of laboratory, Skin Diseases and 
STD Hospital, Shanghai and preserved by Pathogenic 
Biology Institute, University of South China, Hengyang 
City. Eukaryotic expression plasmid pcDNA3.1 (+) 
was purchased from Invitrogen Company. Eukaryotic 
recombinant plasmid pcD/Gpd-IL-2 was constructed 
and preserved by Pathogenic Biology Institute, 
University of South China, Hengyang City.14 The plas-
mid pcD/Gpd-IL-2 and the empty plasmid pcDNA3.1 
(+) were extracted according to methods described 
previously.13

New Zealand female rabbits were provided by 
Department of Experimental Animal, University of 
South China. All animal experiments were approved 
by the governing Animal Welfare Committee and 
conducted in accordance with the regulations of the 
institution.

Reagents. Standard syphilis positive serum was pre-
served at Pathogenic Biology Institute. HRP-labeled 
goat anti-human/rabbit IgG secondary antibody was 
purchased from Invitrogen Company. Rabbit IFN-γ, 

IL-2 and rabbit IgA ELISA quantitative detection kit were pur-
chased from Shanghai Jianglai Biotechnology Co., Ltd. Fetal 
bovine serum (FBS) and RPMI-1640 medium were purchased 
from HyClone Company. The CpG ODN sequence (TCC ATG 
ACG TTC CTG ACG TT) was phosphorylated and synthesized 
by Invitrogen Co., Ltd.

DNA vaccine immunization and infection. New Zealand 
white rabbits were randomly divided into six groups, with each 

In conclusion, this study shows that intramuscular injection 
of primary DNA vaccine with CpG ODN via intranasal immu-
nization could not enhance significantly the protective response 
against Tp infection, compared with multiple intramuscular 
injection groups. Although it induced strong humoral immune 
(especially mucosal immunity) and cellular immunity. Several 
points remain to be further studied in the future, such as how to 
further optimize the release system of Tp mucosal DNA vaccine 

Figure 2. Representative photos of rabbits taken 21 d post intradermal challenges with Tp Nichols strain at eight locations on their backs. At week 10 
after the first time of DNA vaccine immunization, 15 of the 18 rabbits in each group were challenged with Tp Nichols strain. Skin lesions were observed 
and measured at the challenged sites every 3 d. The red circle indicated one of the lesions in each panel. (A) Ulcerative and indurated lesions (a rabbit 
from the A1 group immunized with pcD); (B) Intermediate erythematous lesions (a rabbit from the B1group immunized with pcD/Gpd-IL-2); (C) The 
smallest, least indurated erythematous lesions (a rabbit from A2 group immunized with pGpd-IL-2); (D) The smallest, least indurated erythematous 
lesions (a rabbit from B2 group immunized with pGpd-IL-2).

Figure 3. Diameter measurements of erythematous lesions from groups of 15 rab-
bits infected with T. pallidum after the challenge (week 10) at 3-d intervals (from 0 
to 60 d). The groups are as given in Figure 1. At week 10 after Tp Gpd DNA vaccine 
immunization, 15 of 18 rabbits in each group were challenged intradermally at 
eight sites on their shaved backs with 105 T. pallidum (Nichols) spirochetes. Each 
bar represents the mean ± SE of diameters of erythematous lesions from 15 rabbits 
in each group.
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raised to prevent liquid leakage. After three times of washing, 
vaginal washing fluid was collected. The above washing fluids 
were centrifuged and supernatants were detected by ELISA. The 
absorbance values (A value) of antibody at the 492 nm wave-
length were determined.

Determination of cytokines. As described in our previous 
study,13 8 weeks after immunization, 3 rabbits were taken ran-
domly from each group for sterile spleen cells. Purified Tp Gpd 
recombinant protein was used as the stimulating antigen (20 μg/
ml). The Concanavalin A (ConA, 10 μg/ml, Sigma) stimulation 
condition served as the positive control. An non-antigen-stimu-
lating condition served as the negative control. According to the 
manual of cytokine ELISA kit, concentration of IL-2 and IFN-γ 
in cell culture supernatant was analyzed.

MTT Method. As described in our previous study,14 8 weeks 
after vaccination, sterile spleen was taken from each group to 
get the spleen lymphocytes suspension. Purified Tp Gpd recom-
binant protein was used as the stimulating antigen (8 μg/ml). 
ConA (5 μg/ml) stimulation was used as the positive control. 
Non-antigen-stimulating well was used as the negative control. 
Sixty-eight hours after incubation, T-cell proliferation response 
of the New Zealand rabbit was determined by MTT assay and 
expressed as stimulation index (SI). The A value at a wavelength 
of 570 nm was measured by ELISA to calculate the SI value. SI 
value = A value of the experimental group /A value of the control 
group.

Statistical analysis. Experimental data were expressed as 
mean ± SD. Mean serum endpoint titer comparisons between 
groups were performed using a two-way analysis of variance with 
a Bonferroni post hoc test of specific antibody titers by SPSS13.0 
statistical software. Arithmetic means comparisons between 
groups were performed using a one-way analysis of variance with 
a Bonferroni post hoc test of cytokine concentration, and SI val-
ues of spleen cells. The Tp positive rates and ulceration rates of 
early infection lesions on the back skin of rabbit were analyzed by 
χ2 test. p < 0.05 was considered statistically significant.
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group consisting of 18 rabbits. The complete regimen included 
two immunizations, which were administered once in every two 
weeks. Groups: A1, 2× intramuscular immunization of pcD (100 
μg); A2, 2× intramuscular immunization of pcD/Gpd-IL-2 
(100 μg); B1, 1× intramuscular immunization pcD/Gpd-IL-2 
(100 μg) and 1× intranasal immunization of pcD/Gpd-IL-2(100 
μg); B2, 1× intramuscular immunization pcD/Gpd-IL-2 (100 
μg) and 1× intranasal immunizationof pcD/Gpd-IL-2 (100 μg) 
and CpGODN (10 μg); C1, 1× intramuscular immunization 
pcD (100 μg) and 1× intranasal immunization of pcD (100 μg); 
C2, 1× intramuscular immunization pcD (100 μg) and 1× intra-
nasal immunization of pcD (100 μg) and CpGODN (10 μg). 
Primary immunization of the vaccine and empty plasmid were 
intramuscularly multi-inoculated into the quadriceps of left leg 
in rabbits as described in the previous study.14 Two days before 
immunization, 100 μl of 0.25% bupivacaine hydrochloride was 
injected into the quadriceps of left leg in rabbits as pre-injection, 
as was shown in Table  1. Eight weeks after immunization, 3 
rabbits from each group were chosen for the rabbit spleen cell 
proliferation assay, cytokine detection and nasopharynx, vaginal 
mucosal sIgA detection. The remaining 15 rabbits were used for 
syphilis infection and protection experiment. Ten weeks after 
primary immunization (0 d post-infection), 8 lesions were sub-
cutaneously inoculated in all groups (n = 15) after shaving. Each 
site was inoculated with the Tp Nichols strain (105 bacteria /site). 
The swelling and ulceration of infection lesions, if any in each 
site, were recorded every 3 d in the following 60 d. Tp positive 
rates and ulceration rates of each site were examined by the dark 
vision and silver staining methods 21 d after infection.

ELISA. As described in our previous study,14 0 weeks (at the 
immunization day), 2 weeks, 4 weeks, 6 weeks, 8 weeks after 
primary vaccination, 1 ml of ear vein blood of rabbits in each 
group (n = 15) was taken and centrifuged to get rid of serum. 
Purified Tp Gpd recombinant protein (pET28a/Gpd) was used 
as the coating antigen. Horseradish peroxidase (HRP)-labeled 
goat anti-rabbit IgG (1:2000) was used as the secondary anti-
body. ELISA (Multiskan MK-3, Finland) examined A value at 
450 nm wavelength. Each experiment was repeated for 3 times.

Eight weeks after immunization, trachea of the primary 
immunized rabbits was cut from the middle. Nasopharynx was 
washed from the cutting site to the upper end with 500 μl of 
phosophate buffered saline (PBS) solution. The outflow wash-
ing fluid was collected with three consecutive times of rinsing. A 
total of 1,500 μl of nasopharyngeal washing fluid was collected. 
Rabbit limbs were fixed, 500 μl of PBS solution was used to rinse 
inward from the vaginal opening. Rabbit hind legs were slightly 
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