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Abstract

The study evaluated the immune response elicited by a DNA vaccine encoding ESAT6 prow@nobhcterium tuberculosis by
DNA prime-protein boost protocol. BALB/c mice were respectively vaccinated with plasmid DNA encoding ESAT6 protein, with ESAT6
protein in IFA adjuvant, or a combined DNA prime-protein boost regimen. While DNA immunization inducegoldrized immune
response, protein—in-adjuvant vaccination elicited a@ddminant response. When animals were primed with DNA and boost with protein,
both antibodies and Th-cell proliferative response were significantly enhanced. Moreover, productigriygfeltytokine (IFNy) was
increased significantly by DNA priming-protein boosting. This protocol also resulted in an increased relative ratig 66 IgG; and the
cytotoxicity of T cells. Thus, this study demonstrated that the formation of ESAT6 DNA prime-protein boost inoculation could improved
antigen-specific cellular immune responses, which are important for protection afaingection.
© 2004 Elsevier Ltd. All rights reserved.

Keywords. DNA prime-protein boostiMycobacterium tuberculosis; ESAT6 antigen; DNA vaccine

1. Introduction DNA vaccine offers a promising alternative to conven-
tional vaccines. It has been shown to elicit both humoral
Infection with Mycobacterium tuberculosis remains to be  as well as cellular immune responses, and confer protec-
a major cause of morbidity and mortality throughout the tion against some viral, bacterial and parasitic pathogens
world, resulting in 3 million death and over 8 million new [4-6]. In the past few years, DNA vaccines have been also
case of tuberculosis each yga}. Apparently, BCG vaccine  studied againsM. tuberculosis. These vaccines including
used for 80 years, has failed to contB epidemic[2]. AQ85A/B/C, ESAT6, MPT64, PST1/2/3, 38 kDa and HSP70
In recent years, increased emergency of multi-drug-resistant[7—10], when used individually or combination, have demon-

(MDR) strains ofM.TB and co-infection with HIV compli- strated impressive immunogenicity in mice, but the level of
cated the situation. Hunting for improvelB vaccines is conferred immune protection against subsequéfiB in-
urgently needed. fection has never exceeded that by BCG. Therefore, new

The development of new vaccines requires an understand-strategies are needed to improve the immunogenicity and
ing of the protective immune response against tuberculosis.protective efficacy of these DNA vaccines. ESAT6 protein
The crucial factor of protective immunity againgB is a is one of the secreted antigens and is expressed only in
T-cell mediated response characterized by the secretion ofvirulent Mycobacterium bovis strains andM. tubrerculosis.
IFN-vy and other cytokine§3]. Hence, we are in desperate Of importance, a large proportion of memory T cells in
need of enhancing understanding of how to develop a newM.TB-infected mice are ESAT6-reactive. Hence, ESATG is
generation offB vaccines which are able to provoke potent a promising candidate antigen. In experimental mouse mod-
and long-lasting protective cell-mediated immunity. els, ESAT6 DNA vaccine conferred the protective efficacy

inferior to that by BCE11].
" * Corresponding author. Tekt86-21-25070331; Here, we reported an attempt to improve the im-
fax: +86-21-25070331. T ' munogenicity of this ESAT6 DNA vaccine by a DNA
E-mail address. shsun888@hotmail.com (S.-h. Sun). prime-protein boost immunization regimen. i.m. DNA

0264-410X/$ — see front matter © 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.vaccine.2004.03.029



Q-m. Wang et al./ Vaccine 22 (2004) 3622-3627 3623
inoculation can trigger a Tihtype immune response, but the restriction sites of pcDNA3 plasmid (Invitrogen), down-
low amount of actual proteins expressed in the host cells is astream of the CMV early promoter. Plasmids used in this
serious limitation of this type of immunization. Prime-boost study were prepared with alkaline lysis method followed by
strategies of consecutive DNA priming followed by boost- TritonX-114 treatment to remove endotoXitb].

ing with proteins have the potential to enhance the immune

response elicited by DNA vaccines. A number of studies
have reported the effect of DNA prime-protein boost regi-
men in viral, protozoan infectiofil2,13] Little is depicted

2.5. Vaccination protocol

For DNA vaccination, mice were injected with pcDNA3-

in bacterial disease. In the present study, we demonstratedESAT6 into both quadriceps with & 50wg DNA three

that protein boosting of mice vaccinated with ESAT6 DNA
vaccine forM. tuberculosis was capable of improving the
immune response primarily elicited by the DNA vaccine.

2. Materials and methods
2.1. Mice

BALB/c female mice, 6-8-weeks old, were bred in the
animal facilities of the Second Military Medical University.

2.2. Cédll transfection

The recombinant plasmid pcDNA3-ESAT6 was trans-
fected into P815 (H-2a lymphoma cell line, from Type
Culture Collection of Chinese Academy of Sciences) cells
by liposome (Roche Molecular Biochemicals) according to
the manufacture’s instruction. After selection in medium
supplemented with G418 (8@@/ml), stable transfectants
were subcloned by limiting dilution and then determined
by RT-PCR and immunochemistry methods.

2.3. Immunocytochemistry

The expression of ESAT6 protein was detected by im-

times at 3 weeks intervals. Mice inoculated with pcDNA3
was as a negative control. For protein vaccination, mice were
injected subcutaneously (s.c.) in the back with L@0of
ESAT6 protein expressed and purifiedBncoli [16]. The
protein was emulsified in IFA. For the DNA prime-protein
boost, mice were immunized i.m. with ESAT6 DNA vaccine
once and s.c. with 100g of ESAT6 protein twice. All mice
were immunized three times at 3 weeks intervals. To enhance
muscle cells uptake of plasmid DNA7], 25% sucrose was
injected into the muscles of both quadriceps 15 min before
plasmid inoculation.

2.6. Enzyme-linked Immunoabsorbent assay (ELISA)

Anti-ESAT6 1gG, 19G, 1gGo4 were measured by ELISA
in individual serum sample from vaccinated mice. The
method was as described previoufdy, using recombinant
ESAT6 protein (Jug per well) and anti-mouse IgG, Ig®r
IgG2a coupled to horseradish peroxidase (HRP) (Southern
Biotechnology Associates, SBA). The antibody titers were
determined according to the optical density (OD 450 nm).
Finally, the relative ratio of Igg, to IgG; was calculated.

2.7. Lymphocytes proliferation assay

Mice were sacrificed 3 weeks after the last immuniza-

munocytochemistry. P815 stable transfectants were ﬁxedtion_ Spleens from each group were pooled and analyzed.
in 4% paraformaldehyde for 10min and placed on a Th-cell proliferation assay was performed as previously
poly-L-lysine-treated microslides. And were then air-dried described. Briefly, the isolated spleen cells were resus-
for 30 min. Slides were redehydrated and blocked using 1% pended to a concentration of 6 106 cells/ml. A volume
BSA in PBS plus 0.1% Triton X-100 (pH 7.2) for 1h. Then  of 100ul of cell suspension was added to 96-well plates
slides were incubated overnight atd@ in a humid chamber and the ESAT6 protein was added to the wells in tripli-
with appropriate sera diluted at 1:20 in PBS from the patients cate at the final concentration ofug/ml. The plates were
infected with M. tuberculosis (provided by Dr Qiaomin jncubated at 37C in an atmosphere of 5% GQor 66 h.
Zhang). After washing in PBS (three times for 10 min), the Then the proliferation responses were detected by MTT
bound human immunogloblins were detected by incubation [3-(4,5-dimethylthiazol-2-yl) 2,5-diphenyltetrazolium bro-
for 24 h at #C with goat anti-human-HRP-conjugated sec- mide] (5 mg/ml, Sigma) method and the stimulation index
ond antibody (Southern Biotechnology Associates, SBA) (S|) was calculated. The stimulation index was determined
diluted 1:100 in PBS plus 1% goat serum. After washed from the formula: stimulation index (SB:= experimental

in PBS (three times for 10min), the interest antigen was OD/negative OD. To assure that cells were healthy,d/nl
coloured by DAB substrate and the slides were counter- ConA was used as a po|yc|ona| stimulator for pogitive

stained with hematoxylin.
2.4. Plasmid construction and preparation

The DNA vaccine pcDNA3-ESAT6 was constructed by
cloning the cDNA of ESATG14] into theHindlll and Xbal

control.
2.8. Evaluation of cytokines production in vitro

Single splenocyte suspensions from immunized mice
were diluted in 10% bovine calf serum-supplemented RPMI
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1640 to 5 x 1P cells/ml. One hundred microliters cell

suspensions were placed in each well of a 96-well plate

(Costar) and stimulated with ESAT6 proteingg/ml). Af-
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3.2. The stable expression of ESAT6 protein in P815 cells

After selection by G418 (80@g/ml) for 25 passages,

ter 72h incubation, cell-free supernatants were harvestedclones of transfected cells were screened for ESAT6-mRNA

and were screened for the presence of H-BRd IL-4 with
an ELISA detection system ( Jingmei, Biotech) according
to the manufacture’s instruction.

2.9. Cytotoxicity assay of T cell

Spleen cells adjusted to a concentration of/a0 from
in vivo-primed mice were cocultured with mitomycin
(10pg/ml)-treated target cells (P815-ESAT6,>5 10°/ml)
in a 10 ml cell suspension in RPMI 1640 for 5 days atG7
in 5% CQ. Twenty unit per milliliter recombinant murine
IL-2 (Biosource) was also added to the cell solution for 5
days. The P815 cell was used as a negative control.

by reverse transcription-PCR. Positive clones were further
examined for expression of ESAT6 by immunocytochem-
istry. The imunostaining was restricted to the cytoplasm of
the cells transfected with pcDNA3-ESAT6 plasmid (data not
shown). However, no staining was detected in P815 cells.
These results demonstrated that ESAT6 antigen could be
expressed stably in P815 cells, and that the obtained cells
could be used as target cells in the cytotoxicity assay.

3.3. Production of antibodies induced by different
vaccines

To determined the level of ESAT6-specific IgG by dif-

To measure the specific lysis of the target cells, we usedferent inoculations, mice of different groups were immu-
the lactate dehydrogenase (LDH) release assay. This assayjized three times at 3 weeks intervals. Three weeks after

yields highly similar results as the standard chromium re-

lease assay, but does not require the use of radioisotbPles
In 96-well round-bottom plates, effector cells were incu-
bated with target cells at different E/T ratio for 4 h in phenol
red-free RPMI 1640 containing 2% BSA, 2mM glutamine,
and 1% penicillin and streptomycin. After centrifuging the
plates at 250« g for 10 min, 10Qul per well of the super-

the last immunization, the sera from mice were collected by
retro-orbital bleeding and antigen-specific antibodies were
detected. As shown iffrig. 1, compared to the pcDNA3
group, sera from DNA-DNA group, DNA—protein group or
protein—protein group elicited a significantly higher level of
IgG (P < 0.01). DNA prime-protein boost vaccination in-
duced a higher 1gG titer than DNA-DNA vaccinatioR &

natant was then transferred to a 96-well plates, and lysis was0.05). Protein prime-protein boost inoculation elicited the
determined by measuring LDH release using cytotocxicity highest titer of 1gG.

detection kit (Roche Molecular Biochemicals). The released  The IgG subclasses give an indication of the, TRersus
LDH converted the added substrate tetrazolium salt into red Thy nature of the immune responses. We further analyzed
formazan product, and the amount of color is proportional the relative ratio of IgG4/IgG; from different groups. As

to the number of lysed cells. The absorbance values fromshown inFig. 2, DNA-protein vaccination increased the ratio

supernatants were recorded@b 492 on an ELISA mi-

significantly more than did DNA-DNA vaccination. When

croplate reader. The percent lysis was calculated as follows:the animals were immunized with only protein, lower ratio

[(sample release- spontaneous release) 100%/(total re-
lease— spontaneous releasg) 100%.

2.10. Satistical analysis

The statistical significance of differential findings between

experimental groups was determined by Student’s test. Data

were considered statistically significantt< 0.05.

3. Results
3.1. Construction of ESAT6 DNA vaccine
The cDNA of ESAT6 antigen was inserted into the

pcDNA3 vector, and the recombinant pcDNA3-ESAT6
plasmid was confirmed byindlll and Xbal digestion.

After a large scale of preparation, the plasmids were sus-

pended in endotoxin-free PBS. DNA was quantified by

was observed, compared to DNA-DNA vaccination. These
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Fig. 1. The ESAT6-specific 1gG titer in mice immunized by different
protocols. Each group of mice: (= 8) was immunized respectively by
DNA-DNA, DNA-protein or protein—protein at 0, 3, and 6 weeks. Mice
were bled at 3 weeks after the last immunization and ESAT6-specific 19G
titer was detected by ELISA. Optical density was measured at 450 nm.

spectrophotometry at 260 nm and the final concentration of pata shown represented geometric mean titers (GMT) and standard errors

the solution was adjusted touly/ul of DNA in PBS.

for each group of animals.
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Fig. 2. The ratio of 1gG; titer to 1gG, titer in different groups. The
mice were immunized as described kig. 1 The titers of 1gG, and
IgG; were detected respectively. The ratio of lg@gG; was obtained
by dividing the titer of 1gG4 by that of 19G.

results indicated that DNA prime-protein boost inoculation
did not convert the type of immune response 1(fype)
elicited by the primary DNA vaccine.

3.4. Lymphocyte proliferation response and cytokine
production by splenocytes from vaccinated mice

T helper cells play an important role in eliciting both
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Fig. 4. Production of IFNy and IL-4 from splenocytes of different groups.
The immunization protocol was the same as that in Th proliferation
response. Splenocytes were stimulated wijhgbnl ESAT6 protein for

72h. Samples were assayed in triplicate. Values and bars represent the
mean of released cytokine concentrations and S.D.

proliferation was observed. DNA priming-protein boosting
enhanced Th-cell proliferation responses more significantly
than did either DNA-DNA or protein—protein vaccination
(P < 0.05).

Thy cytokines (IL-2, IFNy) and Th cytokines (IL-4,
IL-5 and IL-10) are major parameters in our understand-
ing of the polarization of immune responses. Timmune

antigen-stimulated B cells and expansion of CD8cells
respectively. Hence, it is important to measure proliferation
of T cells after immunization with vaccines when stimu-
lated in vitro with a specific antigen. In our experiment,
ESAT6 (5pn.g/ml) and ConA (1Qug/ml) were used as a spe-
cific stimulator and a polyconal stimulator of T cells respec-
tively. As shown inFig. 3, a low background level of T-cell
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Fig. 3. The proliferation of splenocytes after in vitro stimulation with
ESAT6 protein. Different group of micen(= 8) were immunized by
DNA-DNA, DNA—protein or protein—protein three times at 3 weeks inter-
val. Three weeks after the last immunization, spleen cells from sacrificed
mice were pooled and stimulated withu§/ml ESAT6 protein, 1(.g/ml
ConA as a positive control. After 66 h stimulation, samples were assayed
in triplicate. The ConA control sample showed a stimulation index of

nity, whereas Th immune responses preferentially drive
humoral immunity. We next examined the cytokine pro-
duction profiles in our research. As demonstrate#im 4,

the level of IFNs was significantly increased by DNA
prime-protein boosting protocol, compared to DNA-DNA
vaccination group. However, the level of IFNwas lower

in protein—protein immunization than that in DNA-DNA
group or DNA—protein group. DNA prime-protein boost
immunization also enhanced IL-4 production compared to
DNA-DNA group, but a lesser degree than protein—protein
vaccination. Th-type responses were observed in both
DNA-DNA group and DNA-—protein group; however, a
Thy-dominant response was induced in protein—protein im-
munization group. Those results supported the conclusion
that DNA prime-protein boost inoculation influenced both
Th1 and Th phenotype in vivo, but did remain THprofile
immune response.

3.5. Improved CTL induction by DNA prime-protein boost
immunization

Cytotoxic T-cell responses were determined with a LDH
release assay, after in vitro restimulation, against the tar-
get cell line P815-ESAT6, which stably expressed the
ESAT6 protein. P815 cell was used as a negative con-
trol. As the results shown ifrig. 5 DNA immunization
with pcDNA3-ESAT6 plasmids resulted in a strong CTL

8.36+ 2.4. Values and bars represent the mean and S.D. This experimentf€Sponse, which was significantly above the background

was repeated, with the expected results.

level (P < 0.01). DNA prime-protein boost immunization
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Fig. 5. Induction of CD8 CTL following immunization with different
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responses were characterized by production of 4FMN=-2
and anti-map | antibodies of predominantly lgGsotype.
Haddad et al[27] studied the change of IgG isotype by
DNA prime-protein boost protocol again®lasmodium
falciparum. However, Their results demonstrated that after
protein boosting, immunoglobulin (Ig)G subclass profile
skewed to the Ig@ isotype, which indicated a Bhtype
immune response.

In our experiment, we aimed to observe the effect of DNA
prime-protein boost immunization formation on the immune
responses elicited by ESAT6 DNA vaccine T8 in mice
model. The combination prime/boost strategy has the po-
tential to overcome possible deficiencies that may arise us-

vaccines. Mice were inoculated as above. The percentage of specific lysising a single vaccination modality againeB (for example

was measured after in vitro restimulation of the in vivo-primed cells with
mitomycin-treated P815-ESAT6 cells. Effector cells [E] were incubated

with P815-ESAT6 (target cells [T]) in a LDH release assay. Samples

employing a DNA, protein subunit vaccine alone). ESAT6
DNA vaccine elicited a Thtype immune response. After

were assayed in triplicate. Results are representative of three independenpne Injection of DNA and two inoculations with recombi-

experiments.

nant ESAT6 protein, the ratio of Ig& to 1gG; was con-
siderably enhanced, compared to DNA immunization. The
level of Ig&4 was lower than that of Iggin protein in-

enhanced the cytotoxic T-cell response, compared to oculation group, which indicated that the immune response

DNA-DNA inoculation (P < 0.05). Protein—protein injec-

was Th type. Similarly, the lymphocyte proliferation re-

tion group elicited a much lower CTL response, compared sponse and IFN-secretion in DNA vaccination mice were

to both DNA-DNA and DNA—protein group. The blank

significantly increased by the boost of ESAT6 protein. In

vector immunization did not induce CTL response. The protein immunization group, the IFN{evel was lower than

spontaneous release was below 10%.

4. Discussion

that of IL-4, which also indicated a pkbiased response. In
the case of cytotoxicity of T-cell assay, DNA prime-protein
boost protocol induced stronger cytotoxic T cell activity than
DNA immunization. All these results indicated that the im-
mune responses, Tlor Thy type was related to the types

It has been reported that DNA vaccines preferentially of priming immunogen. Those suggested that the ESAT6

induced Th-dominant immune respondé9]. The exact
mechanism of driving Thor Thy type response has not

DNA vaccine primed the correct pathway of the immune
response (Thtype) and the ESAT6 protein boost enhanced

been well known, but it has been suggested that CpG motifsthe DNA—primed memory responses. Priming by the DNA

from a bacterial plasmid might be responsible for driving
immune responses toward jFtype [20-23] Th;-type re-

vaccine was crucial for the type of protection immune re-
sponse, since the ESAT6 protein on its own induced a differ-

sponse has been reported to correlated with protective immu-ent pathway (Th type) of the immune response. Our find-

nity in certain tumor, bacterial or viral infection, as well as
some parasitic disea$24,25] Protective immunity against

ings in agreement with Audrey’s repof8], which showed
that a boost injection of protein in mice which were given a

tuberculosis mainly depends on cellular immune responsesDNA vaccine encoding Ag85A was capable of dramatically

and some cytokines of Tktype, such as IFNx Studies on
DNA vaccines againsiB have been reported in the past few
years[7—10]. However, results showed that the efficacy of
TB DNA vaccines needed more improvement.

DNA prime-protein boost immunization protocol is well

enhancing the Thtype immune response primed with this
DNA vaccine.

In conclusion, the data presented above suggested that
DNA prime-protein boost mainly enhanced 1Hype cellu-
lar immune response. As it drive cytotoxic T-cell response,

known for its capacity to modulate immune responses production of IgG, as well as IFNy were all enhanced.

elicited by DNA vaccines. Sin’s studf25] showed that

in a murine herpes simplex virus-2 gD vaccine model,

In contrast to infection with viral and protozoan pathogens,
infection with M. tuberculosis remains largely confined to

DNA prime-protein boost immunization enhanced both an intracellular localization. Thereby, it is greatly accepted

antigen-specific antibody and FHype cellular immune
responses. Another repof26] demonstrated that mice

vaccinated with mapl gene followed by protein boost aug-

mented protection against the challenge witbwdria ru-

that cell-mediated immune response is essential for control
of the infection. However, antibody-dependent cytotoxicity
through antigen-specific Igfz immunoglobulin, IFNy cy-
tokines should also play a role in the initial controlTd in-

minantium. The augmented protection by the prime-boost fection. Taken together, our results demonstrated that DNA

regimen correlated with the improved iFtype immune

prime-protein boost protocol could be as a new strategy to

response which was induced by the DNA vaccine. Those improve the efficacy oTB DNA vaccine.
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