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Abstract. The only available vaccine against pulmonary 
tuberculosis is Bacille Calmette‑Guérin (BCG). As the 
efficacy reported of the vaccine is not up to the mark, there 
is an urgent need to develop improved anti‑tuberculosis 
vaccines. Antigen 85B (Ag85B) is a very promising vaccine 
candidate molecule of Mycobacterium tuberculosis and 
interferon (IFN)-γ and has been considered the most attrac-
tive correlate of protective immunity. The aim of this study 
was to construct a novel recombinant BCG (rBCG) to secrete 
Ag85B and mouse IFN‑γ under control of the Mycobacterial 
heat shock protein 60 (hsp60) promoter and the antigen signal 
sequence. Second aim of the present study is to evaluate 
the immune response in C57BL/6 elicted by the new rBCG. 
Expression of the fusion protein was readily detectable by 
western blotting and IFN‑γ bioactivity was detected indirectly 
by enzyme‑linked immunosorbent assay (ELISA). Compared 
with BCG, rBCG::Ag85B-IFN-γ was substantially more active 
in inducing the production of IFN‑γ and tumor necrosis factor 
(TNF)-α from mouse splenocytes. ELISA analysis for IgG, 
IgG1 and IgG2c showed that rBCG::Ag85B‑IFN‑γ induced 
higher titer of Ag85B and facilitated Th1 type immune 
response. rBCG::Ag85B-IFN-γ also improved nitric oxide 
production levels and enhanced antigen‑specific splenocyte 
proliferation. Moreover, rBCG::Ag85B-IFN-γ induced human 
monocytes such as THP-1 cells to enhance expression of 
CD80, CD86, CD40 and HLA‑DR. Flow cytometry analysis 
confirmed that rBCG::Ag85B‑IFN‑γ significantly activated 
CD4+  T cells. Assessing combinations of IFN-γ, TNF-α and 
interleukin‑2 at the single‑cell level by multiparameter flow 
cytometry, we found that rBCG::Ag85B‑IFN‑γ improved the 
multifunctional T cells level in comparison to BCG. In conclu-
sion, the present study indicates that rBCG::Ag85B‑IFN‑γ 

increases cell mediated immune response and is a potential 
candidate vaccine for immunotherapeutic protocols against 
pulmonary tuberculosis.

Introduction

Tuberculosis (TB) is one of the leading infectious diseases 
worldwide. The latest surveillance data by the World Health 
Organization (WHO) reveals that in 2006, there were 
9.2 million new cases and 1.7 million deaths from TB (1). The 
TB pandemic has continued despite widespread use of the 
only available licensed TB vaccine Bacille Calmette‑Guérin 
(BCG) under the WHO expanded program on immuniza-
tion and despite the use of directly observed chemotherapy 
programs for those diagnosed with active disease. Although 
BCG seems to provide protection against disseminated disease 
in newborns and children, its efficacy against pulmonary TB is 
poor especially in adults, which highlights the need for a better 
vaccine regimen (2).

During the past decades, progress has been made in 
explanation of BCG failure. The main potential vaccination 
strategies against TB included recombinant BCG (rBCG), 
attenuated strains of Mycobacterium tuberculosis (M. tb), 
subunit vaccine approaches and live, and non‑replicating viral 
vector‑based delivery systems. The most important strategy is 
to stimulate more potent immune responses against M. tb. In 
production of rBCG, three strategies have been mainly used. 
The first is based on the restoration of deleted BCG genes 
(deleted in the process of M. bovis attenuation) that encode 
immunogenic antigens. Another approach is based on rBCG 
that produces large amounts of strong immunogenic protective 
antigens, and the third is to construct rBCG that secrete cyto-
kines relevant in anti‑TB immune response such as interleukin 
(IL)-2, interferon (IFN)-γ, or IL‑18  (3‑5). These cytokines 
have been shown to activate macrophages and kill or control 
the growth of the M. tb. Although imperfect, INF-γ remains the 
best available correlate of protective immunity (6,7). Vaccines 
which failed to induce sufficient levels of IFN‑γ are unable to 
protect effectively against tuberculosis in animal models (8).

Antigen 85B (Ag85B) is a secretory and immunogenic 
protein of M. tb and BCG with mycolyl‑transferase activity, 
which is required for mycobacterial cell wall synthesis (9), 
and a study has observed rBCG30 overexpressing Ag85B 
resulted in better protection as compared to its parental BCG 
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strain (10,11). Moreover, there was no significant safety issues 
in a phase I clinical trial of rBCG30 in more than 30 healthy 
adult volunteers (12,13). In the present study, the ag85b 
and ifn‑γ genes were inserted into Mycobacterial‑E. coli 
shuttle vector pMV361 in order to form novel rBCG viz 
rBCG::Ag85B-IFN-γ and its efficacy was tested in C57BL/6 
mice. The Ag85B-IFN-γ fusion protein was expressed under 
control of the Mycobacterial heat shock protein 60 (hsp60) 
promoter and the ag85b signal sequence was utilized to secret 
it into the supernatant of the culture continuously. Expression 
of the fusion protein was readily detectable and IFN‑γ bioac-
tivity maintained unaffected.

Compared with BCG, rBCG::Ag85B‑IFN‑γ was substan-
tially more active in inducing the production of IFN‑γ and 
tumor necrosis factor (TNF)-α from mouse splenocytes by 
ELISPOT and enzyme‑linked immunosorbent assay (ELISA). 
ELISA analysis for Ag85B special IgG, IgG1, and IgG2c 
displayed that rBCG::Ag85B‑IFN‑γ can induce high level 
antibody titer and facilitate Th1 type immune response. Also, 
rBCG::Ag85B-IFN-γ improved nitric oxide (NO) production 
level and enhanced antigen‑specific splenocyte proliferation.

Expression of various surface molecules on activated 
macrophages is required for optimal development of protective 
T cell response in tuberculosis. We characterized the expres-
sion of surface markers in human monocytes such as THP‑1 
cell line infection with rBCG::Ag85B-IFN-γ. It increased 
expression of CD80, CD86 and CD40 significantly compared 
with BCG.

Flow cytometry analysis showed that rBCG::Ag85B‑IFN‑γ 
activated CD4+ T cells remarkably and improved CD8+ T cells 
gradually with time. Although IFN‑γ is clearly necessary, using 
it as a single immune parameter may not always sufficient to 
bring protection (14). Multifunctional T cells secreting IFN-γ, 
TNF-α, and IL‑2 have been shown to correlate with protec-
tion in Leishmania major infection in mice (15). We assess 
all combinations of IFN-γ, TNF-α and IL‑2 at the single‑cell 
level by intracellular cytokine staining and parameter flow 
cytometry analysis.

The immunostimulatory properties of rBCG::Ag85B-IFN-γ 
increased cell mediated immune response compared to 
the parent BCG strain. Considering the action of IFN‑γ in 
clearing the infection pathogen, rBCG::Ag85B-IFN-γ may be 
a potential candidate vaccine and a superior agent for immu-
notherapeutic protocols in the future.

Materials and methods

Bacterial strains and cultures. M. bovis BCG (obtained 
from Shanghai Institute of Biological Products Co., Ltd., 
Shanghai, China), M. tb H37Rv and rBCG::Ag85B‑IFN‑γ 
(constructed as below) were grown in Middlebrook 7H9 
medium (BD Biosciences, Sparkers, MD, USA) supple-
mented with 0.5% glycerol, 0.05% Tween‑80 and 10% ADC 
(BD Biosciences) or on solid Middlebrook 7H10 Agar 
medium (BD Biosciences) supplemented with 0.5% glycerol 
and 10% ADC. When required, the antibiotic kanamycin 
was added at a concentration of 25 µg/ml. E. coli DH5-α was 
grown in Luria‑Bertani medium (Oxoid Ltd., Basingstoke, 
Hampshire, UK) and used for cloning and extracting 
plasmid.

Construction of a rBCG expression Ag85B and IFN‑γ. Coding 
sequences for ag85b (containing signal sequence) and mouse 
ifn‑γ were amplified from the M. tb H37Rv genomic DNA 
and mouse spleen tissue cDNA respectively by PCR using 
the primers shown in Table I. The ag85B and murine ifn‑γ 
coding regions were cloned into the Mycobacterial‑E. coli 
shuttle vector pMV361, in which gene expression is under 
the control of the strong M. bovis hsp60 promoter. Inserted 
genes were sequencing confirmed and the rBCG substrain was 
produced by electroporation transfecting BCG‑Danish strain 
cells with the recombinant plasmid pMV361‑Ag85B‑INF‑γ. 
The transformed BCG was plated on 7H10 solid medium 
supplemented with 25 µg/ml kanamycin and grown at 37˚C 
for 3 weeks. The resulting recombinant clones containing 
pMV361‑Ag85B‑INF‑γ were designated rBCG::Ag85B‑IFN‑γ.

Western blotting detection of expressed Ag85B and 
INF‑γ. Expression of the recombinant fusion protein by 
rBCG::Ag85B-INF-γ was determined by western blotting. 
The individual rBCG clone was selected and grown in Sauton 
medium (0.25 g MgSO4·7H2O, 0.25 g K2HPO4, 1.0 g citric 
acid, 4.0 g sodium glutamate, 30 ml glycerol, 5 mg ZnSO4 and 
25 mg ferrum‑ammonium citrate in 500 ml ddH2O) containing 
25 µg/ml kanamycin. After 2 weeks of growth, protein expres-
sion was induced by heating at 45˚C for 60 min. The bacterial 
cultures were centrifuged at 8,000 x g for 20 min. The culture 
supernatants were concentrated as previously described (16) 
for western blot detection. A total of 25 µl of the concentrated 
culture filtrates from rBCG::Ag85B‑IFN‑γ were analyzed for 
expression of the recombinant fusion protein by western blot-
ting using anti-Ag85B rabbit polyclonal sera.

Determination of IFN‑γ levels and bioactivity in the bacte‑
rial culture supernatants. The ability of the bacilli to secrete 
murine recombinant IFN-γ was verified by measuring the 
concentration of the cytokine by ELISA in the bacterial 
culture supernatants (17). The mouse INF-γ Quantikine 
ELISA kit (R&D Systems, Inc., Minneapolis, MN, USA) was 
used to determine the IFN‑γ activity of rBCG::Ag85B-IFN-γ 
following the manufacturer's instructions. The bioactivity 
of IFN-γ produced by the rBCG::Ag85B‑IFN‑γ strain was 
calculated according to the standard curve. The experiment 
was performed twice.

Animal vaccination. Five‑week‑old female C57BL/6 mice 
(Slaccas Laboratory Inc., Shanghai, China) were used in 
the ABSL‑2 animal facility at Second Military Medical 
University (Shanghai, China). Mice received free access to 
food and water throughout this study. All experiments were 
performed in accordance with the local Ethics Committee 
guidelines. C57BL/6 mice (12 per group) were immunized 
subcutaneously at the dosage 5x106 CFU of BCG or rBCG in 
200 µl phosphate‑buffered saline (PBS). Mice were sacrificed 
to analyze the immune responses at 6 and 12 weeks after the 
immunization. As an additional control, mice of the other 
group were injected with PBS only. The experiment was 
repeated twice.

ELISPOT assay for IFN‑γ from splenocyte cultures. At 
6 and 12 weeks after the vaccination, mice were sacrificed, and 
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their spleens removed aseptically into RPMI‑1640 medium 
containing 10% fetal calf serum (FCS), 2 mM glutamine, 50 µM 
β‑mercaptoethanol, 100 µg/ml streptomycin and 100 U/ml 
penicillin. Spleens were gently ground through a 70 µm cell 
strainer, and the single‑cell suspensions were prepared with 
Lympholyte‑M (Cedarlane Laboratories, Burlington, NC, 
USA) by density‑gradient centrifugation procedure. We used 
the mouse IFN-γ ELISPOT kit (U‑CyTech Biosciences, 
Utrecht, The Netherlands). Analyses were conducted on the 
splenocytes from five mice each group. Diluted cells were 
added to the wells of the ELISPOT plate at 5x105 cells per 
well in culture medium as described above containing puri-
fied protein derivatives (PPD, 5 µg/ml), Ag85B (5 µg/ml) or 
phytohemagglutinin (2 µg/ml, as positive control) as stimulus. 
The plates were incubated at 37˚C, 5% CO2, 100% humidity 
for 36 h and the IFN‑γ secreting T cells were evaluated. Spots 
were counted by use of an immunospot image analyzer. Wells 
with <5 spots were not used for calculations.

ELISA analysis for IFN‑γ, TNF‑α and IL‑4. Single cell 
suspensions were acquired and diluted in 2 ml culture medium 
containing the same concentration of stimulus as described 
above to the 12-well plates at 1x106 cells per well. The plates 
were incubated at 37˚C, 5% CO2, 100% humidity for 36 h. 
The suspensions were collected of the splenocyte cultures for 
sandwich ELISA to detect the level of the cytokines. The cell 
deposits were harvested to prepare for flow cytometry analysis. 
We used the mouse IFN‑γ ELISA kit, TNF‑α ELISA kit and 
IL‑4 ELISA kit (eBioscience, Inc., San Diego, CA, USA). The 
concentration of the cytokines was calculated in the suspen-
sion according to the standards curve.

NO production determination. This procedure for NO 
determination was based on the Griess reaction. Culture 
supernatants were acquired as described above. A total of 
100 µl of the splenocyte culture supernatants or sodium nitrite 
standard 100 µl were mixed with an equal volume of Griess 
reagent (Sigma‑Aldrich, St. Louis, MO, USA). In addition 
anaerobic conditions were achieved by purging the reaction 

mixture with high purity argon gas for ≥5 min. After 5 min 
at room temperature, the absorbance at 550 nm (A550) was 
measured. The NO concentration was calculated in the culture 
supernatants according to the sodium nitrite standard.

ELISA analysis for IgG, IgG1, and IgG2c. Sera were collected 
from the immunized mice to monitor the antibody response by 
ELISA. Corning Costar 9018 ELISA plates (Corning Costar, 
Inc., Corning, NY, USA) were coated with Ag85B (5 µg/ml) 
overnight at 4˚C. The plates were blocked with PBS containing 
1% bovine serum albumin (BSA; Bovogen Biologicals Pty Ltd., 
East Keilor, VIC, Australia). Sera were added at serial 2‑fold 
dilution (beginning at a 1/50 dilution). After washing, and 
addition of horseradish peroxidase conjugated goat anti‑mouse 
IgG, IgG1 and IgG2c (SouthernBiotech, Birmingham, AL, 
USA) diluted at 1/5,000, 1/1,000 and 1/1,000, respectively in 
blocking buffer (PBS containing 1% BSA) for 1 h, the plates 
displayed the staining by o‑phenylenediamine substrate. 
Antibody titers were expressed as reciprocal end point titers. 
The mean antibody titers were the antilog of the average loga-
rithm for antibody titer of 5 mice.

Antigen‑specific splenocyte proliferation. Spleens of the 
immunized mice were removed aseptically to acquire the 
lymphocytes as described above. The isolated lympho-
cytes were washed in medium twice and cultured in 
RPMI‑1640 + 10% FCS containing 100 µg/ml streptomycin 
and 100 U/ml penicillin. Cells were adjusted to 1x105 cells/ml 
and 0.1 ml was plated with either 20 µl PBS or 20 µl Ag85B 
(300 µg/ml) in 96‑well plates. Cells were cultured for 2 days 
in 5% CO2, 100% humidity and 37˚C for MTS assay (CellTiter 
96® Aqueous Non‑Radioactive Cell Proliferation Assay kit; 
Promega Corp., Madison, WI, USA). The proliferation was 
assessed with splenocyte stimulation index (SI) (18).

Flow cytometry analysis for CD4+ and CD8+ subsets. The 
spleen tissue and single cell suspensions were prepared as 
described above in cell staining buffer (BioLegend, Inc., San 
Diego, CA, USA). The debris was removed by filtration of the 

Table I. Primers used to engineer the recombinant Bacille Calmette‑Guérin.

Primers Sequence

Ag85B Primer F: 5'-TGTGAATTCATGACAGACGTGAGCCGAAAG-3'
 (EcoRI)
 Primer R: 5'-TACGGATCCGCCGGCGCCTAACGAACTCTG-3'
 (BamH1)
IFN-γ Primer F: 5'-TCTGGATCCATGAACGCTACACACTGC-3'
 (BamH1)
 Primer R: 5'-ACTAAGCTTTCAGCAGCGACTCCTTTTCC-3'
 (HindIII)

For construction of the pMV361‑Ag85B‑INF‑γ fusion molecule, the coding region (with the secretory signal sequence) of Ag85B was ampli-
fied from M. tb H37Rv genome DNA using the Ag85B primers. The polymerase chain reaction (PCR) product was digested by EcoRI and 
BamH1. Coding sequences for IFN‑γ were amplified from mouse IFN‑γ cDNA using the IFN-γ primers. The PCR product was digested by 
BamH1 and HindIII. The two digested gene fragments were cloned into the predigested pMV361 plasmid with EcoRI and HindIII. Underlined 
text, restriction endonuclease sequence. M. tb, Mycobacterium tuberculosis; Ag85B, antigen 85B; INF, interferon; F, forward; R, reverse.
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cell suspension through 70 µm nylon mesh strainer. Viable 
cells were counted and suspended in cell staining buffer at 
1x107 cells/ml. Cell suspension (100 µl) was distributed into 
aseptic Eppendorf plastic tubes. Cells were blocked with PBS 
containing 1% BSA. Isotype controls of fluorescein isothiocy-
anate (FITC) and phycoerythrin (PE) conjugated anti‑mouse 
IgG2b were used. FITC 0.25 µg anti‑mouse CD4 and 0.25 µg 
PE anti-mouse CD8 (eBioscience, Inc.) per million cells in a 
100 µl total staining volume were added, then incubated in 
the dark at 4˚C for 20 min. Cells were washed twice and the 
cell pellets were resuspend in 0.5 ml cell staining buffer for 
analyzes by flow cytometry (FACSCalibur; BD Biosciences). 
A total of 10,000 events per test were collected.

THP‑1 cell culture and rBCG::Ag85B‑IFN‑γ treatment. 
THP‑1 cells were cultured in complete medium RPMI‑1640 
supplemented with 10% FBS. The cells were seeded in 
complete medium containing Phorbol‑12‑myristate 13‑acetate 

(20 ng/ml) in 12-well plates at 1x106 cells/well for 18 h and 
induced to macrophages. Then the monocyte derived macro-
phage were treated with PBS (control group), BCG (1x107 CFU) 
or rBCG::Ag85B-IFN-γ (1x107 CFU) for 36 h. Supernatants 
were collected for cytokine assays, and cells were collected for 
surface marker flow cytometry analysis.

Cells surface marker flow cytometry analysis. For flow cyto‑
metry analysis, cells were collected, washed and resuspended 
in PBS supplemented with 1% FBS, thereafter cells were 
stained with fluorochrome‑conjugated mAb. We divided 
samples into two parts at 1x106 cells/tube. One was stained 
with FITC‑conjugate anti‑human CD40 and PE conjugate 
HLA‑DR and the other was stained with FITC conjugate CD86 
and PE conjugate CD80 (Caltag Laboratories; Invitrogen Life 
Technologies, Carlsbad, CA, USA). Cells were incubated in the 
dark at 4˚C for 20 min. Following two washes, cell pellets were 
resuspend in 0.5 ml cell staining buffer for analyses by flow 

Figure 1. Construction of the recombinant Bacille Calmette‑Guérin (BCG) expression antigen 85B (Ag85B) and interferon (IFN)‑γ. (A) Plasmid pMV361 and 
(B) recombinant plasmid pMV361‑Ag85B‑INF‑γ. Recombinant plasmid pMV361‑Ag85B‑INF‑γ contains a full-length copy of the Mycobacterium tuberculosis 
30 kDa major secretory protein (Ag85B) gene and mouse INF‑γ gene regions including the promoter heat shock protein 60 (hsp60) region. (C) Western blot 
analysis. Culture filtrates concentrated were analyzed for expression of recombinant protein by western blot using antibodies recognizing Ag85B. Introduction 
of the ag85B and ifn‑γ coding regions into BCG resulted in a 52.6 kDa product in culture filtrate.
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cytometry. A total of 10,000 events per test were collected. 
Data were analyzed using CellQuest software (version 7.5.3.; 
BD Biosciences) or FACS Express 3 software (DeNovo 
Software, Ontario, ON, Canada).

Intracellar cytokine staining analysis. The peripheral blood 
from the vaccinated mice were used to acquire peripheral 
blood mononuclear cell (PBMC) single‑cell suspensions 
using Histopaque‑1077 kit (Sigma‑Aldrich) based on density 
centrifugation. The cells were diluted in 2 ml culture medium 
containing the same concentration of stimulus as described 
above to the 12-well plate at 1x106 cells per well. The plate 
was incubated at 37˚C, 5% CO2, 100% humidity for 36 h. 
Brefeldin A solution (eBioscience, Inc.) of 1 µl was added into 
the cell culture for 4 h to inhibit the cytokine transport. Cells 
were harvested and 100 µl of Reagent A was added (fixation 
medium, fix and perm cell permeablization reagent; Caltag 
Laboratories; Invitrogen Life Technologies) and incubated for 
15 min at room temperature. Cells were washed, and the cell 
pellets resuspended, then adding 100 µl of Reagent B (permea-
bilization medium) and the 1 µl FITC conjugate anti‑mouse 
IL‑2, 1.25 µl PE conjugate IFN‑γ and 20 µl PerCP‑Cy5.5 conju-
gate TNF-α (eBioscience, Inc.) per million cells. Vortexed and 
incubated for 20 min in the dark at 4˚C. Cells were wash and 
the cell pellets resuspend in 0.5 ml of cell staining buffer for 
analyzes by flow cytometry.

Data analysis. Statistical significance was determined using 
one‑way ANOVA with Kruskal‑Wallis tests, Tukey and 
Dunnett tests of GraphPad Prism 5.0 for Windows (GraphPad 
Software, Inc., San Diego, USA). PBS group was regard as 
negative control. All the other groups were compared with 
BCG group. P<0.05 was considered to indicate a statistically 
significant difference.

Results

Construction of rBCG secreting Ag85B and IFN‑γ. 
Novel rBCG capable of expressing Ag85B and IFN‑γ, on 

a shuttle vector pMV361 is shown in (Fig. 1A). Further, 
rBCG::Ag85B-IFN-γ expressed and secreted a relatively high 
level of fusion protein as shown in Fig. 1B. The bioactivity 
of IFN-γ produced by the rBCG::Ag85B‑IFN‑γ strain was 
21.85±7.06 pg/ml (equal to 2.2x106 U/mg).

Cytokine response. Cell‑mediated immune responses were 
evaluated by IFN‑γ ELISPOT assay and sandwich ELISA 
analysis for IFN-γ, TNF-α and IL‑4. The amount of IFN‑γ 
secreted is shown in Fig. 2. It was noted that in response to 
purified Ag85B, IFN‑γ secretion at 6 weeks was higher than 
that at 12 weeks. The IFN‑γ level of rBCG::Ag85B-IFN-γ was 
1.6‑ and 3‑fold that of BCG at 6 and 12 weeks, respectively.

Moreover, the amount of IFN-γ secreted exhibited a decline 
at 12 weeks in all the groups. The effect of rBCG::Ag85B‑IFN‑γ 
on the Th1 or Th2 immune response is shown in Fig. 3. Mice 
immunized with rBCG::Ag85B‑IFN‑γ showed a significant 
increase in release of IFN-γ in response to stimulation with 
Ag85B compared with BCG at 6 and 12 weeks. Mice immu-
nized with rBCG::Ag85B‑IFN‑γ showed no difference in 
releasing TNF-α in response to Ag85B compared with BCG at 
6 weeks, but at 12 weeks they showed significantly higher level 
than those immunized with BCG.

NO production levels. The NO levels of the culture superna-
tant of the mice vaccinated with rBCG::Ag85B‑IFN‑γ or BCG 
(>450 µmol/l) showed higher levels than the mice vaccinated 
with PBS (<100 µmol/l) at 6 and 12 weeks. The NO level of the 
rBCG::Ag85B-IFN-γ group was significant higher than BCG 
group at 6 and 12 weeks (Fig. 4).

Humoral immune responses. Fig. 5A and B illustrate the 
levels of antibody response in the sera of mice against puri-
fied Ag85B. Compared with the PBS control group, mice 
vaccinated either with BCG or rBCG::Ag85B‑IFN‑γ strains 
induced higher levels of antibody against Ag85B. However, the 
mean IgG titers were as high as 1:33,900 and 1:2,460 in mice 
immunized with rBCG::Ag85B‑IFN‑γ at 6 and 12 weeks, 
which were significant higher than those immunized with 

Figure 2. The cellular immune response was measured in an ELISPOT assay with splenocytes isolated from C57BL/6 mice immunized with different vaccines 
at (A) 6 weeks and (B) 12 weeks. Splenocytes were plated at 5x105 cells per well in duplicate and incubated with phytohemagglutinin (PHA) (2 µg/ml), purified 
protein derivatives (PPD) (5 µg/ml) or antigen 85B (Ag85B) (5 µg/ml) at 37˚C, 5% CO2, 100% humidity for 36 h. INF, interferon; PBS, phosphate‑buffered 
saline, BCG, Bacille Calmette‑Guérin; rBCG, recombinant BCG.
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BCG (1:10,600 and 1:300, p<0.01). The antibody titers of the 
PBS control group were only ~1:50.

Fig. 5C illustrates the antibody levels of IgG1 and IgG2c 
isotype against Ag85B. The ratios of IgG2c/IgG1 were calcu-
lated to determine the induction of Th1 or Th2 responses in 
animals (19). As a result in response to Ag85B, the ratio of 
mice immunized with rBCG::Ag85B‑IFN‑γ was much higher 
than that of BCG at 6 weeks and the ratio was higher than 
BCG at 12 weeks also. The results collectively revealed that 
the capability of the induction of Th1 protection immune 
response of rBCG::Ag85B-IFN-γ was higher than BCG in the 
experiments.

Antigen‑specific splenocyte proliferation. The antigen‑specific 
proliferation of the splenocytes isolated from the mice immu-
nized with rBCG::Ag85B‑IFN‑γ was significantly higher 
than that of BCG or PBS as determined by SI also at 6 or 
12 weeks (Fig. 6).

CD4+ and CD8+ T cell subset analysis. After vaccination with 
different vaccines, the lymphocyte subsets were examined for 
differences in their percentages by flow cytometry. As shown 
in Fig. 7, the levels of the CD4+ and CD8+ T cell populations 
were significantly higher in the rBCG::Ag85B‑IFN‑γ or BCG 
group than that in the PBS group. The percentage of CD4+ T 
cells of rBCG::Ag85B-IFN-γ was significant higher than that 
of BCG at 6 and 12 weeks whether stimulated with Ag85B or 
PPD.

The percentage of CD8+ T cells of rBCG::Ag85B-IFN-γ 
was significant lower than that of BCG at 6 weeks when stimu-
lated with Ag85B, but at 12 weeks, they showed no difference. 
The percentage of CD8+ T cells in the mice vaccinated with 
rBCG::Ag85B-IFN-γ showed no difference with BCG at 
6 weeks when stimulated with PPD, but at 12 weeks they were 
higher than that of BCG. Moreover, the CD4+/CD8+ ratio in 
mice immunized with rBCG::Ag85B‑IFN‑γ was significant 
higher than that of BCG. Therefore, the rBCG::Ag85B-IFN-γ 
enhanced CD4+ T cells were significantly higher and hence 
showed increased CD4+/CD8+ ratio.

Cells surface marker expression level. rBCG::Ag85B-IFN-γ 
enhanced expression of CD80, CD86, CD40 and HLA‑DR. 
Changes in expression were found to be more signifi-
cant for CD80, CD86 and CD40. The cells infected by 
rBCG::Ag85B-IFN-γ produced a 12‑38% increase in the 
percentage of positive cells of these markers compared to 
infected with BCG and demonstrated small increases in 
expression of HLA‑DR. ALs especially showed a trend of 
increasing CD80 expression when compared with BCG.

Multifunctional T cell analysis. Using multiparameter flow 
cytometry, we compared the quality of the immune response 
in different vaccination groups to Ag85B. PBMC were 
analyzed for their intracellular expression of IFN‑γ, TNF-α 
and IL‑2, allowing us to follow the frequency of cells that 
produced various combinations of IFN‑γ, TNF-α and IL‑2 
positive for either a single or up to three cytokines simul-
taneously. The results showed half of the responses in the 
rBCG::Ag85B-IFN-γ group was 3+ and 2+ T cells, whereas, 

Figure 3. The (A) interferon (IFN)-γ and (B) tumor necrosis factor (TNF)‑α level in the splenocytes culture supernatants by sandwich ELISA assay. Harvest 
the supernatants from the splenocytes culture restimulated with antigen 85B (5 µg/ml) at 37˚C, 5% CO2, 100% humidity for 36 h. Shown are the means ± stan-
dard deviations. PBS, phosphate‑buffered saline, BCG, Bacille Calmette‑Guérin; rBCG, recombinant BCG.

Figure 4. The nitric oxide (NO) level in the MDM culture supernatants 
detected by Griess reagent. Harvest the supernatants from the MDM culture 
treated with phosphate‑buffered saline (PBS), Bacille Calmette‑Guérin 
(BCG) or rBCG::Ag85B-IFN-γ at 37˚C, 5% CO2, 100% humidity for 
36 and 72 h. Shown are the means ± standard deviations *0.01<P<0.05. rBCG, 
recombinant BCG; IFN, interferon.
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the response after BCG vaccination was dominated by 
1+ and 2+ T cells.

Discussion

rBCG has several advantages over other novel vaccines by 
reasons of low cost, easy production and convenient storage. 
However, BCG could not be easily replaced by novel vaccine 
candidates despite the controversies over efficiency. rBCG 
expressing protective antigens represents a very promising 
possibility for use as an efficient vaccine against TB. It could 
be envisaged that continuous overexpression of selected candi-
date epitopes as the case for a live vaccine like BCG may be 
pivotal for vaccine efficacy (7). The results of phase 1 trial of 
rBCG30 provide proof of principal that rBCG30 could safely 
enhance human TB immunity and support further develop-
ment of rBCG overexpressing Ag85B for TB vaccination (13). 
Moreover, cytokines are considered as potent immune 

responses and the potent IFN‑γ producers are crucial for 
protection against M. tb (17,20). IFN-γ, which synergizes with 
TNF-α, is central to the activation of macrophages and the 
isolation of M. tb inside the granuloma (2). A previous study 
indicated that BCG strains secreting cytokines, in particular 
GM‑CSF, IL‑2 and IFN‑γ, could modify and potentiate the 
immune response to BCG antigens (3). The local expression 
of IFN-γ by the rBCG results in more efficient bacterial 
clearance which is accompanied by a reduction in tissue 
pathology (21). Similarly, mouse IFN-γ was coexpressed with 
Ag85B in the present study. Further it has been proved that 
the IFN-γ produced by the rBCG::Ag85B‑IFN‑γ strain was 
bioactive and was probably negatively affected by fusion 
Ag85B sustained as an efficient antigen. It is believed that 
the stronger cell mediated immune response was induced by 
rBCG::Ag85B-IFN-γ and may be due to either IFN‑γ in the 
fusion construct promoting the development of immunity or 
that Ag85B may act as an efficient antigen.

The dominant immunological consequence of infection 
with M. tb or vaccination with rBCG is priming of Th1‑oriented 
CD4+ T cells which in turn, potentiates the antimicrobial func-
tion of macrophages through release of IFN-γ. Interestingly, 
CD4+ T cells prominently produce IFN‑γ during the first few 
weeks of infection, while CD8+ T cell production of IFN‑γ 
occurs later. Thus, CD4+ T cells play a greater role in early 
defense against M. tb infection, and both CD4+ and CD8+ 
T cells control latent mycobacteria (22). Both the lymphocyte 
proliferation and IFN‑γ secretion in response to Ag85B, 
including the percentage CD4+ T cells of rBCG::Ag85B-IFN-γ 
were significant higher than those of BCG.

IFN-γ production may act in part by inducing the 
production of inducible NO synthase. Inhibitors of the NO 
production aggravate tuberculosis infection (23). Activated 
macrophages could act directly as effector cells by producing 
microbicidal molecules such as reactive oxygen intermedi-
ates, NO and lysosomal enzymes (24). rBCG::Ag85B‑IFN‑γ 
induced higher NO levels than BCG in the splenocyte culture 
and suggested that it activated macrophages efficiently. 
The levels of IgG1 and IgG2c reflect the stimulation of 

Figure 5. Antibody response against antigen 85B (Ag85B) of the mice immunized after (A) 6 and 12 weeks. The ratio of (B) IgG2c/IgG1. Sera were collected 
from mice immunized at 6 and 12 weeks, then examined with horseradish peroxidase conjugated goat anti‑mouse IgG, IgG1 and IgG2c for IgG titer and the 
ratio of IgG2c/IgG1. Shown are the means ± standard deviations. PBS, phosphate‑buffered saline, BCG, Bacille Calmette‑Guérin; rBCG, recombinant BCG.

Figure 6. Antigen‑specific splenocyte proliferation analysis. Splenocytes 
isolated from mice at 6 and 12 weeks after vaccination cultured at 37˚C, 
5% CO2, 100% humidity for 2 days and analyzed with MTS assay. 
Splenocytes stimulation index (SI) represents the proliferation efficiency. 
The results are expressed as the mean ± standard deviations. PBS, phos-
phate‑buffered saline, BCG, Bacille Calmette‑Guérin; rBCG, recombinant 
BCG.
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Th2 and Th1 cells, respectively. Also in the present study, 
rBCG::Ag85B-IFN-γ increased the Th1 responses, and 
weaken the Th2 responses when memory was suppressed by 
regulatory mechanisms.

In addition to production of cytokines, macrophages also 
influence T cell response. Expression of various surface mole-
cules on activated macrophages, including MHC‑II (HLA‑DR), 
CD80, CD86 and CD40, is required for optimal development 
of protective T cell response in tuberculosis (25). The use of 
costimulation‑based immunomodulators may have significant 
repercussions on the induction of host protective immunity 
against tuberculosis (26). In light of previous work, we inves-
tigated how rBCG::Ag85B‑IFN‑γ modulated the activities 
of macrophages by characterizing the expression of surface 
markers during infection. THP‑1 cell derived macrophages 
increased the four surface marker expression significantly 
when infected with rBCG::Ag85B‑IFN‑γ. HLA-DR is a major 
antigen presenting molecule and its expression is impaired 
upon infection by M. tb (27). High levels of expression of 
MHC‑II along with CD40, CD80, and CD86 contribute to 
the efficiency of antigen presenting cells for stimulating T 
cells (28). rBCG::Ag85B-IFN-γ improved the capabilities of 

multifunctional T cell population compared with BCG and 
enhanced IL‑2 level (IL‑2+, IL-2+ TNF-α+ and IL‑2+ TNF-α+ 
IFN-γ) significantly. IL‑2‑expressing cells were significantly 
more likely to have a central memory phenotype. Furthermore, 
the induction of memory T cells with multifunctional proper-
ties appears to provide a good correlate for protection against 
tuberculosis (29).

In conclusion, the present study indicated that 
rBCG::Ag85B-IFN-γ strain could enhance the cell mediated 
immune response. Moreover, it could be a good candidate 
vaccine against TB and may be a superior agent for immuno-
therapeutic vaccine in the future. However, the safety as well 
as stability concerns of the rBCG::Ag85B-IFN-γ should be 
considered.
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Figure 7. Analysis of T cell subset percentages stimulated by (A and B) antigen 85B (Ag85B) and (C and D) purified protein derivatives (PPD). Splenocytes 
were isolated from mice vaccinated after 6 and 12 weeks and incubated with Ag85B (5 µg/ml) or PPD (5 µg/ml) at 37˚C, 5% CO2, 100% humidity for 36 h. 
Then splenocytes deposits were collected and incubated with fluorescein isothiocyanate‑conjugated anti‑CD4 and phycoerythrin‑conjugated anti‑CD8. The 
percentages of CD4+ T and CD8+ T cells were determined by flow cytometry. A total of 10,000 events per test were collected. The results are expressed as the 
mean ± standard deviations. PBS, phosphate‑buffered saline; BCG, Bacille Calmette‑Guérin; rBCG, recombinant BCG.
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