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ABSTRACT

Objective: This study aimed to evaluate the immunogenicity and protective efficacy of recombinant bacille
calmette-guerin (rBCG) strains expressing Ag85A (A), CFP10 (C), ESAT6 (E), IL-12p70 (1), and fusion protein
GM-CSF (G).

Method: rBCGs were established by integrating of A, C, E, I, G, AE, CE, IE, GC, GE and GCE into
Mycobacterium bovis BCG-1173 and BCG-SH. The macro-effects of rBCGs on mice were evaluated by
phenotype and weight. The immunogenicity of rBCGs was analyzed by IgG, IgG1 and lgG2a antibody
titers, and IFN-y and IL-4 contents through Enzyme-linked immunosorbent assay (ELISA). Meanwhile, the
proportions of CD4" and CD8" T splenic lymphocytes were determined using flow cytometry. The
protective efficacy of rBCGs was evaluated by bacterial load in spleen and lung tissues from immunized
mice.

Results: rBCGs exhibited no obvious side effects on mice. The antibody titers of I1gG, IgG1 and IgG2a,
proportion of CD4" and CD8™ T cells, and concentrations of IFN-y were found to be significantly higher in
multiple-gene rBCGs than that in single-gene rBCGs (P < 0.05). Bacterial load in both spleen and lung
tissues from mice infected with M. tuberculosis H37Rv were significantly reduced by rBCGs. A significantly
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lower bacterial load was revealed in rBCG-1173:A compared with multiple-gene rBCGs (P < 0.05).
Conclusion: Immunogenicity was better on multiple-gene rBCGs than on single-gene rBCGs, while
excellent protective efficacy was exhibited on rBCG-1173:A and BCG-1173.

Introduction

Tuberculosis (TB) is a serious infectious disease caused by bac-
teria Mycobacterium tuberculosis (M. tuberculosis)." It is esti-
mated that one-third of the world’s population have been
infected by M. tuberculosis, and 5-10% infectious accompanied
with TB.> Recently, TB has become the second-most common
cause of death in patients with infectious diseases, resulting in
more than 2 million deaths annually worldwide.®> Meanwhile,
the morbidity of TB has increased because of the emergence of
multi- and extensively drug-resistant causative bacilli and co-
infection with M. tuberculosis and pandemic human immuno-
deficiency virus (HIV).** Therefore, TB should be considered
as a global emergency, which urgently needs to be solved.
Attenuated strain of Mpycobacterium bovis (M. bovis)
bacille calmette-guerin (BCG) used to be considered as the
only available and effective vaccine in prevention of TB in
clinical. However, the protective efficacy of BCG on TB
varies in different populations, ranging from 0% to 80%.%”
Thus, improved TB vaccines are urgently needed as an
alternative to BCG. By insertion of various immunostimula-
tory cytokines, recombinant BCG (rBCG) can be used as an

effective modified vaccine to activate immune response and
protect against severe forms of TB.*” It has been reported,
rBCG expressing PPE protein Rv3425 could induce Thl
immune response and provide long-term protection against
TB by expanding lymphocytes, increasing IL-2 production
and reducing IL-6 production'’; By overexpressing Ag85A,
rBCG:Ag85A could induce stronger antigen-specific IFN-y
response and higher antibody titer against H37Rv infection
than BCG''; rBCG strain expressing pro-apoptotic BAX was
able to induce macrophages apoptosis, increase Ag85B-spe-
cific IgG2b/IgG1 ratio, promote IFN-y and IL-2 secretion,
and reduce Ag85B-specific IL-4 content.'” In addition, more
and more studies began to put emphasis on combination
use of immunostimulatory factors in establishment of
rBCGs. For example, compared with BCG, rBCG:XB
(Ag85B and HspX) was reported to be able to provide
stronger and longer-lasting protection effects against M.
tuberculosis H37Rv by eliciting more durable multistage
antigen-specific CD4(+) Thl-biased immune response'’;
rBCG expressing Ag85B-ESAT6-Rv3620c could significantly
induce strong Thl immune response and antigen-specific
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humoral response characterized by increased ratio of anti-
gen-specific IgG2b/IgG1, high expression of Thl cytokines
(IFN-y, TNF-a and IL-2) and decreased secretion of Th2
cytokine IL-10'*; rBCG co-expressing Ag85B, CFP10 and
IL-12 could not only elicit greater IFN-y and TNF-«a pro-
duction than parental BCG, but also limit M. tuberculosis
H37Rv multiplication in macrophages.'” All these rBCGs
were considered as preferential antigenic targets for vaccine
development against TB, while their application in clinical
was still limited.'®

In this study, a specific antigen of M. tuberculosis Ag85A,
BCG defective antigen CFP10 and ESAT-6, as well as immune
regulation cytokines GM-CSF and IL-12p70 were integrated
into BCG, respectively. The immunogenicity and protective
efficacy of these rBCGs were evaluated. Our findings may not
only reveal the differences between multiple gene-rBCGs and
single-gene rBCGs, but also provide a foundation for the clini-
cal application of rBCGs against TB.

Results
Macro-effects of rBCGs on mice

As the safety of rBCG has always been the basis of its applica-
tion, the macro-effects of rBCGs established in this study was
first evaluated. As a result, no obvious vaccine-related serious
adverse events (such as skin infection or skin ulcers) and death
could be observed in mice immunized with all kinds of rBCGs
for 12 weeks. In addition, no significant change was found on
the phenotype of mice immunized with single-gene rBCGs
(rBCG-1173:A, rBCG-1173:E, rBCG-1173:1, rBCG-1173:C and
rBCG-1173:G) or control BCGs (PBST, BCG-1173 and BCG-
1173:361). Although the hair gloss and mental status of mice
immunized with multiple-gene rBCGs (rBCG-1173:AE, rBCG-
1173:IE, rBCG-1173:GC, rBCG-1173:GE and rBCG-1173:
GCE) were slightly worse than that in the control group, the
activity and stimuli-response of these mice were considered to
be normal. Besides, the weight of mice in each groups was sig-
nificantly increased in a time-dependent manner (P < 0.05),
and no significant differences were revealed among single-gene
rBCGs, multiple-gene rBCGs and the control group (Fig. 1).
These phenomena indicated that these rBCGs exhibited no
obvious side effects on the phenotype and growth state of mice.
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Figure 1. The weight of mice immunized with recombinant bacille calmette-gue-
rins (rBCGs), including rBCG-1173:A, rBCG-1173:E, rBCG-1173, rBCG-1173:C, rBCG-
1173:G, rBCG-1173:AE, rBCG-1173:IE, rBCG-1173:GC, rBCG-1173:GE and rBCG-1173:
GCE. Mice immunized with PBST and BCG-1173 were considered to be the control
groups. These mice were weighted every 2 weeks after immunization.

Effects of rBCGs on IgG titers

To evaluate the immunogenicity of rBCGs in mice, the anti-
body titers of 1gG, 1gG1 and 1gG2a were detected. As shown
in Fig. 2, the titers of 1gG, 1gG1 and IgG2 in mice were sig-
nificantly increased with the intervention times of rBCGs
form 6th to 10th week and then reduced in 12th week (a
peak at 10th week) (P < 0.05). This phenomenon indicated
that rBCGs could induce strong humoral immune response
in mice, particularly in the peak intervention time of
10 weeks.

For 1gG, IgG1 and IgG2 in single-gene rBCGs, most of them
were not significantly different from the control groups (BCG-
1173 and BCG-1173:361). Although lgG, IgG1 and 1gG2 diverse
in different multiple-gene rBCGs, they were all found to be sig-
nificantly higher than single-gene rBCGs (P < 0.05). These

A 12000
mBCG-1173
12,000 = BCG-1173:361
W BCG-1173:A
(4] 10,000 d = BCG-1173:E
.EP 8000 - X Y mrBCG-1173:1
e y rBCG-1173:C
E 6,000 u1BCG-1173:6
§ 1BCG-1173:AE
= 4000 BCG-1173:1E
W rBCG-1173:6C
2,000
= 1BCG-1173:CE
o W rBCG-1173:GE
6W aw 10w 12w ™ rBCG-1173:6CE
B 10,000
WBCG-1173
o0 | WBCG-1173:361
uBCG-1173:A
— WBCG-1173:E
< 6000 | W rBCG-1173:1
EP HBCG-1173:C
2 WIBCG1173:6
3 4000 ¢ ®1BCG-1173:AE
= = (BCG-1173:1E
— WrBCG-1173:6C
= (BCG-1173:CE
rBCG-1173:GE
o rBCG-1173:GCE
C o
WECG1173
8,000 W (BCG-1173:361
B rBCG-1173:A
o W BCG-1173:E
Qo 6,000 urBCG-1173:1
E‘J urBCG-1173:C
e H(BCG-1173:6
T W rBCG-1173:AE
s ® (BCG-1173:IE
W rBCG-1173:6C
2,000
rBCG-1173:CE
# (BCG-1173:GE
i " rBCG-1173:GCE
W sw 10w 12w

Figure 2. Serum titers of IgG (A), IlgG1 (B) and IgG2 (C) in mice immunized with
recombinant bacille calmette-guerins (rBCGs), including rBCG-1173:A, rBCG-1173:E,
rBCG-1173:, rBCG-1173:C, rBCG-1173:G, rBCG-1173:AE, rBCG-1173:IE, rBCG-1173:
GC, rBCG-1173:GE and rBCG-1173:GCE. Mice immunized with BCG-1173 and BCG-
1173:361 were considered to be the control groups. *P < 0.05 vs. BCG-1173, rBCG-
1173:361, rBCG-1173:A, rBCG-1173:C, rBCG-1173:E, rBCG-1173:l and rBCG-1173:G
group.
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Table 1. The percentages of CD4" T splenic lymphocytes in mice immunized with recombinant bacille calmette-guerins (rBCGs).

Groups 6w 8w 10w 12w
PBST 23.40 4 0.80 2250 4 0.71 23.20 4 1.02 23.5 + 0.63
BCG-1173 3051 &+ 1.72 33.43 4 0.94a 35.74 4+ 1.81b 35.14 4 2.32
rBCG-1173:361 29.85 + 2.50 33.65 + 2.5% 35.80 + 1.19b 3498 + 1.68
rBCG-1173:A 32.34 + 3.32* 35.77 & 2.20a* 36.95 & 1.45b* 36.55 + 3.07*
rBCG-1173:E 31.40 & 0.23" 34.80 & 1.49a* 36.90 & 1.22b* 36.35 & 3.49*
rBCG-1173: 31.58 4+ 1.92* 3445 4 2.77a" 36.50 & 0.96b* 35.87 &+ 1.07*
rBCG-1173:C 31.80 & 1.93* 34.58 4 1.02a* 36.18 &+ 1.12b* 35.65 + 0.93*
rBCG-1173:G 31.05 & 2.77* 3461 4 0.79a* 36.43 & 0.92b* 36.63 & 2.25"
rBCG-1173:AE 35.76 + 0.68" 39.18 + 1.24a" 4233 + 2.34b" 4045 + 1.97¢
rBCG-1173:IE 35.10 + 1.41" 3848 4+ 1.17a" 42.68 + 2.50b" 41.50 + 1.07
rBCG-1173:GC 35.15 4 1.10 37.88 & 0.47a" 39.15 4 1.10b* 38.78 4 0.65
rBCG-1173:CE 34.83 4+ 047" 37.15 4 0.45a" 4043 + 1.33b" 38.60 4 0.98¢*
rBCG-1173:GE 35.36 4 0.63" 37.85 & 2.25a" 40.25 + 1.48b" 4145 + 1.48¢
rBCG-1173:GCE 3423 + 2,50 3893 + 3.18a" 40.58 + 0.87b" 42.63 + 6.76¢C

a, b and c represent significantly differences at P < 0.05 when compared with the intervention time of 6 w, 8 w and 10 w.
*P < 0.05 vs. BCG-1173, rBCG-1173:361, rBCG-1173:A, rBCG-1173:E, rBCG-1173:1, rBCG-1173:C and rBCG-1173:G groups.

#*P < 0.05 vs. BCG-1173 and rBCG-1173:361 groups.

results indicated that humoral immune response could be obvi-
ously enhanced by multiple-gene rBCGs, while a similar
immune response with BCG-1173 was exhibited on single-gene
rBCGs.

Effects of rBCGs on splenic lymphocyte

To further reveal the immunogenicity of rBCGs in vivo, the
number of CD4" and CD8" T splenic lymphocytes in mice
was detected by fluorescence intensity. As shown in Tables 1
and 2, the proportion of CD4" and CD8" T cells significantly
increased in mice with the intervention times of rBCGs (a peak
at 8th, 10th or 12th week) (P < 0.05). This result was similar to
the trend of 1gG titers and further illustrated that rBCGs could
induce strong immune response in mice.

Compared with the control group (BCG-1173 and rBCG-
1173:361), more CD4* and CD8™ T cells were found in single-
gene rBCGs (P < 0.05). Meanwhile, multiple-gene rBCGs
exhibited higher levels of CD4" and CD8" T cells than that of
single-gene rBCGs (P < 0.05) (Tables 1 and 2). These phenom-
ena indicated that both single-gene rBCGs and multiple-gene
rBCGs could enhance the immune response in spleen of mice,

and the immune response was stronger in multiple-gene rBCGs
than single-gene rBCGs.

On the other hand, a stimulation index (SI) was further used
to evaluate the effects of rBCGs on the proliferation of splenic
lymphocytes. As a result, SI values were all significantly
increased with the intervention of rBCGs (a peak at 8th or 10th
weeks) (P < 0.05). Meanwhile, a similar SI value with BCG-
1173 was exhibited on single-gene rBCGs, which indicated that
single-gene rBCGs could not influence the proliferation of
splenic lymphocytes. However, the promotional effects of mul-
tiple-gene rBCGs on splenic lymphocytes were obvious, which
exhibited significantly higher SI values than in single-gene
rBCGs (P < 0.05) (Fig. 3A).

Effects of rBCG on IFN-y and IL-4

To understand the immune mechanisms within the action
of rBCGs, the concentrations of IFN-y and IL-4 in spleno-
cytes were also analyzed. In consistent with the changed
trend of 1gG titers and CD4" and CD8" T cell numbers,
the content of IFN-y was significantly increased in mice
immunized with rBCGs from 6th to 10th week (P < 0.05).

Table 2. The percentages of CD8+ T splenic lymphocytes in mice immunized with recombinant bacille calmette-guerins (rBCGs).

Groups 6w 8w 0w 12w
PBST 18.61 + 0.92 17.40 + 0.63 1832+ 0.64 17.22 £ 0.80
BCG-1173 2471 + 1.40 28524 1.53a 30.42 4 0.94b 29.51 4+ 2.23
rBCG-1173:361 24.78 + 0.39 28.13 4 0.67a 30.10 &+ 1.47b 29.58 4 0.79
rBCG-1173:A 25.83 + 0.63" 31.90 + 0.79a" 31.02 + 0.83* 30.65 + 0.64c"
rBCG-1173:E 25.23 + 0.90* 29.33 4+ 2.77a" 30.98 + 2.41b 30.20 + 0.91*
rBCG-11731 25.85 + 0.82* 29.75 + 1.61a" 31.30 + 1.24b" 30.33 + 1.30¢"
rBCG-1173:C 2493 4+ 0.79 3143 4 1.43a" 3052 + 1.14 30.03 & 0.75*
rBCG-1173:G 25.70 + 1.27* 29.88 4 0.79a" 3125+ 0.61b* 31.15 + 0.60*
rBCG-1173:AE 28.85 + 1.25 35.66 4 0.58a" 35.18 4 0.33" 34.63 4 0.53
rBCG-1173:IE 2835 + 1.62 3435 4 1.34a 36.90 & 0.65b* 34,58 4 0.64c*
rBCG-1173:GC 27.86 + 0.63 33.33 4 0.86a 34.92 4 0.84b* 33.78 4 2.55¢
rBCG-1173:CE 28.03 & 1.65 33554 061a 34.66 & 0.55b* 33.23 4 1.36C
rBCG-1173:GE 27.88 +1.33 34214 1.23a 35.87 & 1.26b* 34.65 4 0.57¢*
rBCG-1173:GCE 27.72 +£0.79 33.57 4+ 1.14a 3533+ 1.22b* 36.83 & 1.28¢"

a, b and c represent significantly differences at P < 0.05 when compared with the intervention time of 6 w, 8 w and 10 w.
*P < 0.05 vs. BCG-1173, rBCG-1173:361, rBCG-1173:A, rBCG-1173:E, rBCG-1173:l, rBCG-1173:C and rBCG-1173:G groups.

#*P < 0.05 vs. BCG-1173 and rBCG-1173:361 groups.
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Figure 3. Stimulation index (SI) (A) and IFN-y content (B) in mice immunized with
recombinant bacille calmette-guerins (rBCGs), including rBCG-1173:A, rBCG-1173:E,
rBCG-1173:, rBCG-1173:C, rBCG-1173:G, rBCG-1173:AE, rBCG-1173:IE, rBCG-1173:
GC, rBCG-1173:GE and rBCG-1173:GCE. Mice immunized with PBST, BCG-1173 and
BCG-1173:361 were considered to be the control groups. * P < 0.05 vs. BCG-1173,
rBCG-1173:361, rBCG-1173:A, rBCG-1173:C, rBCG-1173:E, rBCG-1173: and rBCG-
1173:G group; # P < 0.05 vs. mice immunized with rBCGs.

In addition, no significant differences on IFN-y concentra-
tions were revealed among different single-gene rBCGs,
while IFN-y diverse in different multiple-gene rBCGs.
What’s more, significantly higher IFN-y was revealed in
multiple-gene rBCGs than in single-gene rBCGs (P < 0.05).

However, no significant difference was found in the content
of IL-4 between rBCGs groups and control groups (data
not shown). As IFN-y was an indicator of Thl-biased
immune response, our results just illustrated that Thl cyto-
kines IFN-y was essential for protective immunity against
M. tuberculosis infection, while Th2 cytokines IL-4 was not.

Protective efficacy of rBCGs

As improved immunogenicity of rBCGs has been identified by
the above results, the protective efficacy of rBCGs was further
evaluated by bacterial load in spleen and lung of mice infected
with M. tuberculosis H37Rv. As shown in Fig. 4, the bacterial
load was significantly reduced in spleen and lung from mice
immunized with rBCGs when compared with the control group
(PBST) (P < 0.05). This result illustrated that rBCGs were con-
ducive to protect against TB, while the protective degree diverse
in different types of rBCGs.

After 4 weeks of infection, the bacterial load in spleen was
significantly lower in various rBCG-1173s than in BCG-1173,
except rBCG-1173:GCE (P < 0.05). However, the bacterial load
in lung was higher in rBCG-1173:GC, rBCG-1173:GE and
rBCG-1173:GCE, and only rBCG-1173:A exhibited a lower
bacterial load in lung than in control group (BCG-1173) (P <
0.05). For rBCG-SHs (rBCG-SH:IE and rBCG-SH:AE), the bac-
terial load in spleen was significantly lower compared with
BCG-SH, whereas significantly lower bacterial load in lung was
only found in rBCG-SH:AE (P < 0.05). Meanwhile, the bacte-
rial load in spleen was significantly lower in BCG-1173 and
rBCG-1173s compared with BCG-SH (P < 0.05). However, the
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Figure 4. The bacterial load in spleen and lung of mice immunized with recombinant bacille calmette-guerins (rBCGs), including rBCG-1173:A, rBCG-1173:AE, rBCG-1173:
IE, rBBCG-1173:GC, rBCG-1173:GE, rBCG-1173:GCE, BCG-SH:IE and BCG-SH:AE (log10 CFU/g). Mice immunized with PBST, BCG-1173 and BCG-SH were considered to be the
control groups. a P < 0.05 vs. all BCGs; b P < 0.05 vs. BCG-1173; ¢ P < 0.05 vs. BCG-SH.



bacterial load in lung was only found to be lower in BCG-1173,
rBCG-1173:AE and rBCG-1173:1IE than in BCG-SH (P < 0.05).
Besides, the bacterial load in spleen and lung did not change
significantly between rBCG-SH:IE/AE and rBCG-1173:IE/AE
(Fig. 4A,B).

After 18 weeks of infection, the bacterial load in spleen and
lung was significantly reduced compared with 4th weeks (P <
0.05), which indicated the infection of M. tuberculosis relieved
with prolonged intervention of rBCGs. In spleen, the bacterial
load in most multiple-gene rBCG-1173s were significantly
higher than that of BCG-1173 (P < 0.05), and only rBCG-
1173:A exhibited a similar bacterial load with BCG-1173. On
the contrary, the bacterial load in lung was significantly lower
in rBCG-1173:GC, rBCG-1173:GCE and rBCG-1173:A than in
BCG-1173 (P < 0.05), and no significant differences were
revealed on rBCG-1173:AE, rBCG-1173:IE and rBCG-1173:
GE. When compared with BCG-SH, significantly higher bacte-
rial load in spleen was found in rBCG-SHs (P < 0.05), while
the bacterial load in lung did not change significantly. Mean-
while, the bacterial load in spleen and lung was significantly
higher in rBCG-1173s than in BCG-SH (P < 0.05). However,
the bacterial load in lung was significantly lower in BCG-1173/
rBCG-1173:1E than in BCG-SH/rBCG-SH:IE (P < 0.05). No
significantly changes were found in bacterial load of spleen
between rBCG-SH/rBCG-SH:IE/rBCG-SH:AE and rBCG-
1173/rBCG-1173:1E/ rBCG-1173:AE (Fig. 4C,D).

The pathology of lung, spleen and liver tissues from infected
mice were also observed. As a result, the pathologic changes
were obviously alleviated in these tissues by various rBCGs.
However, there were no significant histopathological differen-
ces observed among these rBCGs (data not shown).

Discussion

Vaccination is known as an effective method in prevention
of infectious diseases."” Although BCG vaccine has been
widely used against TB in clinical, its application dose not
significantly contribute to reduce the incidence of TB.'
Meanwhile, the effects of BCG vaccine always decrease with
time since vaccination.!® Based on traditional BCG, rBCG is
developed and revealed to be a complete antigen with
enhanced immune protection effects.’® In this study, single-
gene rBCGs and multiple-gene rBCGs were successfully
established by integration of Ag85A, CFP10, ESAT-6, GM-
CSF and IL-12p70. After 12 weeks of immunization, no
obvious vaccine-related adverse events, including abnormal
activity, reduced weight and death were revealed on mice
immunized with rBCGs. This result illustrated that rBCGs
constructed in our study were safe to mice, which laid a
foundation for their clinical application.

The immune responses of rBCGs always depend on the
exogenous gene imported.”' For example, Ag85A is known as a
specific antigen of M. tuberculosis, which can induce strong T-
cell proliferation and antigen-specific IFN-y response.'’ M.
tuberculosis secreted protein CFP10 and ESAT-6 also confer
strong cell-mediated immunity through T-cell proliferation
and IFN-y production, which has been considered to be effec-
tive mycobacterial antigen diagnostic reagents.”> Meanwhile,
CFP10 and ESAT-6 are defective in BCG, and the virulence
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and immunogenicity of BCG could be enhanced by incorpo-
ration of RD1 region to restore the expression of CFP10 and
ESAT6.>* Besides, many immune regulatory cytokines also has
been used in establishment of novel rBCGs due to their ability
on improvement of T cell immunity.** To consistent with pre-
vious studies, the integration of Ag85A, CFP10, ESAT-6, GM-
CSF and IL-12p70 in single-gene rBCGs significantly promoted
the generation of CD4" and CD8™ T cells in this study, which
further illustrated that these integrated factors were beneficial
for the improvement of BCG induced immune response.

Although single-gene rBCGs were found to be able to
increase the level of CD4" and CD8" T cells, the contents of
lgG, 1gG1, 1gG2 did not significantly change in this study. This
phenomenon indicated that single-gene rBCGs could enhance
the immune response in vivo by various immune protective
antigens or immune regulation cytokines in some degree,
whereas the generation of antibody against M. tuberculosis
were still unsatisfactory and limited. To address this issue, com-
bined application of immune protective antigens and immune
regulation cytokines was developed to generate more effective
immune response against M. tuberculosis infection than single
factors. It has been reported, rBCG-AE (Ag85B and ESAT-6)
and rBCG:GE (GM-CSF and ESAT6) were able to induce
higher titer of antibody and elicit longer-lasting and stronger
Th1 type cellular immune responses than either in rBCG-A or
rBCG-E alone>*%; rBCG expressing Ag85C, MPT51 and HspX
could induce high amounts of Thl, Th17 and polyfunctional
specific T cells, and reduce the extension of lung lesions caused
by M. tuberculosis challenge as well as bacterial load in lung”’;
rBCG co-expressing CFP10, ESAT6, Ag85A and Ag85B could
induce a potent antigen-specific immune response character-
ized by enhanced T cell response and increased production of
cytokines”® Similar to the above studies, significantly stronger
immune response and antibody generation on multiple-gene
rBCGs were revealed than in single-gene rBCGs, including
higher levels of [gG2/IgG1, CD4" and CD8™ T cells and SI val-
ues. Our results further illustrated the combined integration of
immune protective antigens and immune regulation cytokines
in rBCGs was an effective method to improve the immune
response against TB.

Although multiple-gene rBCGs were revealed to be able to
induce strong immune response against M. tuberculosis, the
mechanisms underlying the action of rBCGs were still not fully
understood. In this study, IFN-y was significantly increased in
multiple-gene rBCGs than in single-gene rBCGs, while no
changes were found on IL-4. As cytokines were always impor-
tant in controlling M. tuberculosis infection, Thl cytokines,
such as IFN-y, TNF-a and IL-12 were considered to be essential
in the regulation of TB immunity, which have been used as
indicators of vaccine efficacy.”” Therefore, the increased IFN-y
in multiple-gene rBCGs may explain the phenomenon of
enhanced Thl immune response, and the efficacy of multiple-
gene rBCGs vaccination may be partially reflected by the level
of IFN-y. However, Th2 cytokine IL-4 associated with chronic
and progressive phase of tuberculosis may not directly contrib-
ute to the immune response induced by multiple-gene rBCGs.

The immune protective effects of rBCGs on M. tuberculosis
are not always consistent with their immune response. It has
been reported, vaccination with rBCG over-expressing ESAT-6
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could induce stronger IFN-y response than BCG, but exhibited
no significant improvement in protective efficacy against M.
tuberculosis infection over BCG vaccine®’; rBCG-IA was able to
elicit stronger humoral and cellular immune responses, while
similar protective efficacy with parental BCG was revealed.’’ In
this study, the bacterial load in spleen and lung was signifi-
cantly reduced by immunization of various rBCGs, but the pro-
tective degree of diverse rBCGs varied from their immune
response. In the short term, significantly lower bacterial load in
spleen than parental BCG was exhibited on rBCG-1173s, which
indicated that these rBCGs could obviously decrease the infec-
tion of M. tuberculosis. However, low level of bacterial load in
lung was only found in rBCG-1173:A, and other multiple-gene
rBCG-1173s all showed significantly higher bacterial load than
in parental BCG. This phenomenon may be explained by that
Ag85A was an endogenous gene in M. tuberculosis, thus could
not induce any side effects.”> By contrast, the toxicity of various
exogenous genes (CFP10, ESAT-6, GM-CSF, IL-12p70) may
directly contribute to limited immune protective effects of mul-
tiple-gene rBCGs. After long-term infection, the bacterial load
in spleen was still higher in rBCG-1173s than parental BCG
except rBCG-1173:A, while the bacterial load in lung were sig-
nificantly reduced to a similar level as parental BCG. These
results illustrated a better protective immunity of rBCG-1173s
in the tissue of lung compare with that in spleen. The lung tis-
sue of immunized mice may adapt to these exogenous genes by
long time infection induced immune response, thereby produce
better protective immunity against M. tuberculosis. However,
the protective efficiency of these rBCG-1173s were not consid-
ered to any better than parental BCG. On the other hand, a sig-
nificantly lower bacterial load in spleen and lung was also
revealed in BCG-1173 than BCG-SH, which has been proved
by previous studies.” To pay attention to, similar level of bacte-
rial load between rBCG-SH:IE/AE and rBCG-1173:IE/AE indi-
cated that IE and AE could promote the efficiency of protective
immunity obviously regardless of parental differences.

In conclusion, all fusion protein of Ag85A, CFP10, ESATS,
IL-12p70 and GM-CSF could enhance immunogenicity of
rBCGs. Compared to single-gene rBCGs, stronger immune
response against M. tuberculosis infection was exhibited on
multiple-gene rBCGs, while the protective immunity was more
effective in rBCG-1173:A and BCG-1173. As protective immu-
nity was still limited in multiple-gene rBCGs, further researches
on the development and application of novel rBCGs were still
needed.

Materials and methods
Establishment of rBCGs

As to express Ag85A (A), CFP10 (C), ESATS6 (E), 12p70 (I),
GM-CSF (G) in BCG, the encoding sequence of these genes
were first amplified by PCR and cloned into pMV361 plas-
mid vector (preserved in our laboratory). After direct
sequencing identification, these recombinant plasmids were
transformed into M. bovis BCG Pasteur Strain(1173P) and
BCG Shanghai Strain (SH) through electroporation as
described previously.** These established rBCGs were cul-
tured in Sauton medium (1.1 g sodium citrate, 4.0 g

L-sodium glutamate, 0.33 g K,HPO,, 0.12 g anhydrous
magnesium sulfate, 2501 1% ammonium ferric citrate and
30 ml glycerol; adjust the volume to 500 ml with ddH,O
and the PH to 7.2-7.4 with ammonia) at 37°C. After 3-4
weeks of growth, individual colonies were isolated and cul-
tured in Sauton medium containing 50 pg/ml kanamycin.
These rBCGs were finally identified by DNA sequencing
and Western-blotting.

Immunization of rBCGs on mice

Pathogen-free BALB/c female mice at 6 to 8 weeks old
(obtained from Sichuan Antibiotics Institute) were immunized
subcutaneously with 100ul 1 x 10° CFU single-gene rBCGs
(rBCG-1173:A, rBCG-1173:E, rBCG-1173:1, rBCG-1173:C and
rBCG-1173:G) rBCGs and multiple-gene rBCGs (rBCG-1173:
AE, rBCG-1173:IE, rBCG-1173:GC, rBCG-1173:GE and rBCG-
1173:GCE) on the back. PBST, BCG and BCG:361 in a same
volume were used as control groups (PBST, BCG-1173 and
BCG-1173). After 6, 8, 10 and 12 weeks of immunization, the
phenotype of mice was observed and the weight was measured,
respectively. This study was approved by the local Animal
Research Committee.

Detection of antigen-specific antibody levels by ELISA

The antigen-specific antibody levels of 1gG, 1gG1 and 1gG2a in
mice immunized with single-gene rBCGs and multiple-gene
rBCGs were detected by Enzyme-linked immunosorbent assay
(ELISA). Simply, plates were first coated with 0.1 ml culture fil-
trate proteins of M. tuberculosis H37Rv (5 pg/ml) overnight at
4°C. Then 1% BSA-PBS was added to block nonspecific bind-
ing sites. The serum samples from mice immunized with
rBCGs were analyzed in twofold dilutions using horseradish
peroxidase-conjugated goat anti-mouse IgG, lgG1 and 1gG2a at
1:1000 (Zhongshan Biotech, Ltd., Beijing, China), and the anti-
body titers were expressed as reciprocal end point titers.

Detection of splenocytes subsets by flow cytometry

Lymphocytes from spleen of mice immunized with single-gene
rBCGs and multiple-gene rBCGs were obtained as described
previously,” and resuspended in complete RPMI 1640 medium
with 10% fetal calf serum, 1% L-glutamine, 50 ©M 2-mercap-
toethanol and 1% penicillin-streptomycin. These lymphocytes
at a density of 7 x 10° cells were added into 96-well plates and
cultured with 25 ug/ml culture filtrate proteins of M. tuberculo-
sis H37Rv. After 72h of culturing, a part of these cells were
pooled by centrifugation and incubated with rabbit anti-mouse
CD4 and CD8 MAbs. These cells were washed with PBS, and
continuously incubated with goat anti-rabbit IgG-fluorescein
isothiocyanate. The proportions of CD4* and CD8" T splenic
lymphocytes were determined by flow cytometry. On the other
hand, the supernatants of the remaining part of lymphocyte
cultures were collected, and the contents of IFN-y and IL-4
were measured by ELISA using paired MAbs (Jingmei Biotech,
Ltd., Shenzhen, China) according to the manufacturer’s
instructions.



Challenge infection

After 8 weeks of immunization with various rBCGs, 10 mice
were challenged withby 1 x 10> CFU M. tuberculosis H37Rv
through vena caudalis injection. These mice were killed st 8
and 18 weeks postchallenge. The spleen and lung tissues were
isolated, then homogenated with physiologic saline and cul-
tured in 7H11 agar medium at 37°C with 5% CO, for 4 weeks.
The bacterial load was finally calculated by logl0 CFU of M.
tuberculosis (CFU/g). Besides, histopathological examination
was performed on the lung, spleen and liver tissues by sequen-
tially fixed in 15% phosphate-buffered formalin, embedded in
paraffin, sectioned, stained with hematoxylin and eosin (HE)
and Ziehl-Neelsen, and observed under microscope.

Statistical analysis

Statistical analysis was performed by SPSS version 18.0 (SPSS
Inc., Chicago, IL). All data were expressed as mean + standard
deviation (SD). Comparison between different groups was
determined by one-way ANOVA. A p-value less than 0.05 was
considered to be significantly different.
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