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Abstract
Background: Many studies indicate that the Bacillus Calmette-Guérin (BCG) vaccine has low protective efficacy, especially in endemic
areas. There are several factors in this assessment, such as genetic diversity of BCG strains, pre-exposure to environmental mycobacteria, and variations in host immune responses. Currently, more than 200 new vaccine candidates have been proposed, such as
recombinant BCG, DNA, and subunit vaccines. However, none of them are superior to BCG. Nevertheless, several approaches are
considered to reduce the cases of tuberculosis infection.
Objectives: The aim of the present study was to evaluate the capability of the Ag85a-cfp10 fusion protein as a new chimeric protein
in stimulating immune responses.
Methods: A DNA vaccine encoding Ag85a-cfp10 fusion protein was constructed in the previous study. The expression of Ag85a-cfp10
fusion protein in host cells was confirmed by the RT-PCR method. Six pathogen-free female mice were injected intramuscularly at a
total concentration of 100 µg/mL three times at two-week intervals. The BCG and the control groups received BCG and PBS vaccines,
respectively. One month after the final immunization, mice were killed and their splenocytes were cultured in RPMI medium supplemented with 1% antibiotics and 10% serum. Four cytokines including IL-4, IL-12, TGF-β , and IFN-γ were measured in the culture
supernatant using the ELISA test.
Results: RT-PCR analysis showed that Ag85a-cfp10 recombinant vector is able to replicate in eukaryotic cells and produce mRNA.
The vaccinated groups were compared to the control group, showing induction of high levels of cytokine production.
Conclusions: Some reports depicted that DNA vaccines are able to induce humoral and cellular immune responses both in animal models and humans. Therefore, in the current study, the immune response was induced in mice, which were inoculated with
recombinant expression plasmid, pcDNA3.1 (+)-Ag85a-cfp10. We showed that this recombinant vector can stimulate mycobacterial
specific modulating cytokines. Nonetheless, analysis appeared that this vaccine is unable to stimulate cell mediated immunity,
however, still further studies are needed in future.
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1. Background
Tuberculosis is a contagious disease that is associated with severe complications along with about two million deaths per year (1, 2). Tuberculosis and human immunodeficiency virus (HIV) co-infection together with the
high prevalence of drug-resistant Mycobacterium tuberculosis strains furthers complicate the status of the disease
(3). Bacillus Calmette-Guérin (BCG) is an attenuated strain

of M. bovis that is acquired by repeated passages of M. bovis on potato-glycerol-bile medium for 13 years in 1921 (4).
After that year, culture of BCG in different culture conditions and in different parts of the world resulted in the production of several BCG sub-strains with genetic variations
and protective characteristics (5, 6). This vaccine can confer protection against severe disseminated form of childhood tuberculosis. However, the major challenge regarding BCG is that it remains to be the only resolution for pul-
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monary tuberculosis.
Despite many advantages of BCG, this vaccine cannot
protect the lungs against mycobacterial invasion (7). Mycobacterium tuberculosis is an intracellular pathogen. Cellmediate immunity, especially by CD4+ T cells plays a key
role in the management of the disease (8, 9). It should
be noted that BCG could not be used in immunocompromised patients such as HIV infected patients as they are at
high risks for disseminated diseases. Therefore, more effective vaccine, drugs, and diagnostic methods need to be
developed to manage this serious disease. Extensive studies have been conducted for this purpose during the past
20 years (3, 10, 11).
Antigen 85a (Ag85a) is a fibronectin-binding protein
A (FbpA) that belongs to a complex protein as secretory
products of M. tuberculosis. This protein participates in
biogenesis of the mycobacterial cell wall (12-14). Ag85a is
also involved in several activities such as facilitating the
uptake of M. tuberculosis by macrophages, synthesis of trehalose dimycolate (TDM), and maintenance of the cell wall
integrity. Experimental studies have shown that Ag85a
is a good antigen to induce strong protective immunity
against tuberculosis and can be used as a subunit vaccine.
Indeed, the capability of Ag85a, in the induction of strong
T-cell activation and interferon-γ (IFN-γ ) production, has
been proven (15, 16).
Cfp-10 is a 10 kDa culture filtrate protein known as early
secreted antigenic target protein 6 (ESAT-6) like protein.
Cfp-10 is expressed from the region of deletion 1(RD1) region of the mycobacterial genome and has an important
role in the pathogenicity of M. tuberculosis (17). Cfp-10 is secreted by the ESX-1 secretion system, which is important
for the delivery of the virulence factor Cfp-10 into host cells
such as macrophages. Although the specific function of
Cfp-10 has remained unclear, every disorder in synthesis or
secretion of this protein leads to virulence attenuation of
M. tuberculosis and its inability to replicate in macrophages
(18, 19). Similar to Ag85a, this antigen is able to promote
specific mycobacterial immune responses.
At present, heterologous prime-boost immunization is
mostly considered as an effective way for enhancing cell
mediated responses in BCG-primed individuals. In this regard, over 9 new vaccines have undergone clinical trials
including Ad5Ag85A, Crucell Ad35/ AERAS-402, and M72 +
AS01. Among different tuberculosis specific-antigens only
a few of them are commonly employed for the development of these vaccines such as Ag85a, Tb10.4, and EsxH.
Judgment regarding which vaccines or antigens are better
requires completion of clinical trials (20).
2

2. Objectives
In the present study, a DNA vector harboring Ag85a and
Cfp-10 genes constructed previously, s was examined in an
animal model to evaluate the ability of the new chimeric
protein in stimulating immune responses (21).

3. Methods
3.1. Ethics Statement
All mice were kept in accordance with the guidelines of
the Institutional Animal Care and Use Committee (IACUC)
(IR.MUMS.REC.1393.160 ethics code) (22).

3.2. Animals
Specific-pathogen-free female BALB/c mice were purchased from the Northeast branch of Razi Vaccine and
Serum Research Institute. All mice were four to six weeks
old in the beginning of the immunization.

3.3. Construction of Recombinant Plasmid
In the previous study, Ag85a and Cfp10 genes were isolated from M. tuberculosis H37Rv genome using specific
primers and PCR and was further cloned into pCDNA3.1 (+)
as an eukaryotic expression vector. Constructed vector, as
shown in Figure 1, was sequenced and showed 100% identity with the recorded genes in GenBank (21).

Figure 1. A schematic illustration of recombinant vector
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3.4. RT-PCR
The capability of the constructed vector in the production of Ag85a - Cfp10 fusion mRNA in eukaryotic cells
was evaluated by RT-PCR. For this purpose, recombinant
Ag85a - Cfp10 -pCDNA3.1+ vector was transfected into Huh7 (hepatocellular carcinoma) cell line using lipofectamine
in accordance with the manufacturer’s instructions (Invitrogen, USA). After the incubation period, transfected
cells were recovered and the total RNA extraction was performed using RNX-Plus (SinaClon, Iran), according to the
manufacturer’s instructions. The extracted RNA was then
applied for cDNA synthesis using the cDNA synthesis kit
(Pars Tous, Iran). This was followed by the amplification of
cfp-10 using specific primers.

3.5. DNA Vaccination of Mice
An eukaryotic plasmid containing a full length of
Ag85a and Cfp10 gene was developed in the previous study
(23). To propagate this plasmid, Escherichia coli strain JM109
was transformed with the recombinant plasmid and was
purified by the Qiagen kit, based on the manufacturer’s instructions (24). Eighteen female BALB/c mice, at the age
of six to eight weeks (25 g) were divided into three groups
(n = 6/group): vaccine, BCG, and control groups. The vaccinated group was immunized intramuscularly in both
quadriceps with 100 µg purified endotoxin-free recombinant DNA vaccine three times with two week intervals.
The control group received sterile saline and the positive
group was injected subcutaneously with 5 × 105 cfu of M.
bovis BCG vaccine on the first day of immunization. One
month after the last immunization, all mice were sacrificed and their splenoctyes were harvested and cultured
as described in the previous study (25). Their lymphocytes
were harvested from spleen and cultured in enriched RPMI
in the presence of 5% CO2 at 37°C (25).

3.6. Immunogenicity
To evaluate the immune responses in mice, cytokines
(IL-4, IL-12, IFN-γ , and TGF-β ) were measured by ELISA (ebioscience, USA). Thirty days after the last immunization, all
mice were sacrificed and their spleen was removed immediately. Then, fresh splenocytes were harvested and cultured in the presence of mycobacterial crude antigens that
was obtained from M. tuberculosis lysate in RPMI medium
(26). After 72 hours of incubation, the supernatant was collected and the levels of cytokines were measured by ELISA,
according to the manufacturer’s protocols (eBioscience,
SanDiego, CA).
Jundishapur J Microbiol. 2019; 12(1):e65689.

3.7. Statistical Analysis
Normality of data was analyzed by KolmogorovSmirnov test, and one-way ANOVA-tests were used to
compare means among groups. A P value of P < 0.05 was
considered significant. Analysis was performed with SPSS
version 12 (IBM Corporation, New York, USA).
4. Results
The ability of Ag85a - Cfp10 -pCDNA3.1+ vector in the
generation of mRNA was confirmed in the cell culture system using RT-PCR method with amplification of 303bp of
cfp-10 gene (Figures 1 and 2) (23). Lymphoproliferation, in
response to the antigen, was observed in vaccine and BCG
groups while spleen cells from the control group did not
proliferate upon stimulation with the antigen. The culture supernatant of splenocytes was collected 72 hours after treatment with antigen. Table 1 shows the level of cytokines, which was assessed by ELISA (eBioscience, USA).
The differences between vaccinated and BCG groups were
significant in terms of the production of four cytokines
(P < 0.001) (Figure 3 and Table 1). The average level of
cytokines was measured in the culture supernatant of
splenocytes by ELISA.
Regarding IL-12, differences among BCG (26.90 ± 1.28)
and vaccine (26.60 ± 1.42) groups, compared with the control group (18.48 ± 1.68) were significant (P < 0.001). However, there was no statistically significant difference between BCG and vaccinated groups. There were statistically
significant differences in the levels of IL-4, among control
(9.48 ± 1.24), and BCG (27.6 ± 2.69) compared to the vaccinated (435 ± 6.66) group (P < 0.001). The levels of IFN-γ in
the vaccinated (788 ± 24.85) group was significantly higher
compared to that of the BCG (303 ± 24.32) group and the
control group (96.28 ± 9.22) (P < 0.001). However, the difference between that of BCG group and the control group
was not significant (P < 0.01). With regards to the level of
TGF-β , there was no significant difference between the BCG
group (14.81 ± 1.17) and the control group (15.65 ± 1.05) (P >
0.05). However, the difference between the vaccine group

Table 1. Measurements of Different Cytokine Levels in BCG, Vaccine and Control
Groupsa
Cytokine, pg/mL

PBS

BCG

Vaccine

IFN-γ

96.28 ± 9.22

303 ± 24.32

788 ± 24.85

IL-12

18.48 ± 1.68

26.90 ± 1.28

26.60 ± 1.42

IL-4

9.48 ± 1.24

27.6 ± 2.69

435 ± 6.66

TGF-β

15.65 ± 1.05

14.81 ± 1.17

45 ± 3.75

a

Values are expressed as mean ± SD.
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(45 ± 3.75) and the BCG group and the control group was
significant (P < 0.001).
5. Discussion
Mycobacterium tuberculosis is an intracellular
pathogen. Despite many efforts, it still remains the leading
cause of death worldwide. Effective immune responses
against intracellular pathogens such as M. tuberculosis,
induce cellular immunity. To induce cellular immunity
of certain cytokines, and also specific Th1 CD4+ and CD8+,
cytotoxic T lymphocyte (CTL) have essential roles. In
the tuberculosis infection, activation of macrophages is
crucial since this pathogen is able to remain inside the
macrophages without any replication, a condition that
leads to latent status. Followed by any suppression in
the immune system, latent infection progresses to active
disease in people who have an asymptomatic or latent
infection. Alveolar macrophages are the primary cells
targeted by M. tuberculosis. In infected cells, fusion of the
phagosome with lysosome and production of reactive
nitrogen intermediates (RNIs) is blocked. This allows
bacteria to resist at the intracellular environment (27-30).
Previous studies have shown that several cytokines,
such as IL-12, interferon-γ (IFN-γ ), and TNF-α contribute
to the activation of macrophages, enhancing the develop-

Figure 2. RT-PCR results of transfected and un-transfected Huh cells. Lane 1: Transfected cells and amplification of Cfp-10 gene; lane 2: non-transfected cells as a negative control, and lane M: 1kb DNA size marker.
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ment of Th1 cells and, finally elimination of the infection.
These cytokines induce antimycobacterial activity through
the activation of macrophages, formation of granuloma,
increase in antigen presentation, and production of effector molecules. The granuloma is a typical feature of tuberculosis and is a strategy used by the host immune system
to restrain the spread of infection. Among different immune cells, IFN-γ -producing CD4+ T lymphocytes have central roles since they directly contribute to the generation of
granuloma, activation of cytolytic CD8+ lymphocytes, and
macrophage. In the present study, the cytokine profile was
assessed in mice that received recombinant DNA vaccine
and BCG vaccine. IFN-γ is mainly produced by activated
CD4+ and CD8+ T cells and NK cells. IFN-γ is an essential cytokine in stimulating protective immune response against
intracellular pathogen like mycobacterial infection.
In response to IFN-γ mediated activation of
macrophages, presentation of antigens, differentiation of
naïve T cell to Th1 subpopulations, generation of antigen
specific- CTL, and production of free oxygen radicals and
nitric oxide in macrophage (as the effector way for elimination of M. tuberculosis) is dramatically increased. Any
mutation and disruption in the IFN-γ related gene and its
receptor is associated with increased susceptibility to M.
tuberculosis infection, increased severity of the infection,
the absence of granuloma formation, and dissemination
of tuberculosis infection (31-33).
Interleukin-12 (IL-12) is another important cytokine
that has a direct effect on IFN-γ production by T cells and
NK cells. IL-12, along with IFN-γ , have a central role in activation of macrophages, generation of antigen-specific Th1
cells, development of protective and specific immune responses against tuberculosis, and ultimately eradication
of tuberculosis infection. Based on previous studies, despite the protective role of IFN-γ , IL-4, as a Th2 biomarker,
has a contradictory effect on tuberculosis infection (34, 35).
In a study, Buccheri et al. confirmed that IL-4 depletion
can increase host resistance to tuberculosis infection. This
study indicated that treatment of infected mice, with antiIL-4/IFN-γ , increased formation of granuloma, production
of pro-inflammatory cytokines, and decrease in bacterial
counts (36-38).
TGF-β and IL-10 are inhibitory cytokines that prevent
the activation of T lymphocytes through inhibiting the
production of pro-inflammatory mediators including IFNγ , TNF-α, and IL-12 and reduction of presenting antigens from antigen-presenting cells (APC) s through downregulation of MHC class II molecules. Therefore, the increase in TGF-β and IL-10 levels are related to mycobacterial survival within host, debilitation of cell-mediated immunity, and finally increased severity of disease. There is a
substantial body of evidence suggesting that M. tuberculoJundishapur J Microbiol. 2019; 12(1):e65689.

Corrected Proof

Peeridogaheh H et al.

A

B
60.00

30.00

20.00

IL-4 pg/mL

IL-12 pg/mL

50.00
40.00
30.00
20.00

10.00

10.00
0.00

0.00
BCG

Ag85A-CFP-10

PBS

BCG

Analytes

PBS

Analytes

C

D
1,000.00

50.00

800.00

40.00
TGF-β pg/mL

IFN-γ pg/mL

Ag85A-CFP-10

600.00

400.00

20.00

10.00

200.00

0.00

30.00

BCG

Ag85A-CFP-10

PBS

Analytes

0.00

BCG

Ag85A-CFP-10

PBS

Analytes

Figure 3. Cytokine production levels were measured by ELISA method according to the manufacturer’s instructions and results are presented as the mean ± SD (P < 0.05 (*),
P < 0.01 (**), and P < 0.001 (***)).

sis suppress effectual immune responses by inducing the
production of IL-10 and TGF-β (39-41).
Ag85a is involved in several activities such as facilitation of the uptake of M. tuberculosis by macrophage, synthesis of trehalose dimycolate (TDM), and finally maintenance of cell wall integrity. Horwitz et al. showed that immunization of naive hosts with purified extracellular proteins of intracellular pathogens such as M. tuberculosis induces strong protective immunity and can be used as a subunit vaccine (15, 16). In a study that was performed by Huygen et al. a DNA vaccine encoding Ag85a was constructed
and considered as a simple way to generate protective immunity against M. tuberculosis. In this study, potent humoral and cellular immune responses in vaccinated mice
were reported (42).
Jundishapur J Microbiol. 2019; 12(1):e65689.

Furthermore, in a study conducted by Baldwin, challenging with CSU37, a highly virulent clinical isolate of M.
tuberculosis, resulted in Ag85a specific CTL, antibodies, and
lymphoproliferation responses in animal models previously administrated by DNA vaccines expressing secreted
forms of M. tuberculosis Ag85A (43). These two studies supported the idea that Ag85a A, as secreted components of
M. tuberculosis, has a high immunogenicity. Despite potent
immunogenicity of the Ag85a, a new vaccine based on this
antigen was not promising. MVA85A, a modified vaccinia
Ankara, expressing Ag85a, which initial research regarding this vaccine showed high levels of induction of longlasting cellular immunity in combination with the BCG
vaccine, however, further results in clinical trials in 2015
were disappointing (14, 44-46).
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Comparative genomic analysis has revealed that RD1
genes are present in M. tuberculosis and M. bovis, as virulent
strains of mycobacteria, while they are absent in avirulent
mycobacteria strains such as i BCG and H37Ra (47, 48). RD1
genes, including Rv3874 and Rv3875, express the 0 Cfp10
and e ESAT6, respectively, which are very important for the
virulence of M. tuberculosis. Introduction of these genes to
virulent strains elevate the virulence and immunogenicity of the bacterium through modulating the production
of TNF-α production from macrophages and macrophage
cell death at different stages of the disease (19, 49). In a
study, Wu and et al. showed that Cfp-10 has specific epitope
restricted to CD8+ T cell (50).
In the current study, the ability of the DNA vaccine encoding two highly mycobacterial immunodominant antigens (Cfp10, Ag85a) was evaluated in BALb/c mice. The ratio of IFN-γ /IL-4 was about 1.5 (29.63 pg/mL); however, in
a previous study in which a DNA vaccine encoding Ag85aTb10.5 was examined, this ratio was over 20, which imply
that Ag85a-Tb10.5 DNA vaccine is more potent in stimulating cellular responses. In addition, it may presume that the
combination of Ag85a with Cfp10 may create new antigen
with new properties that completely differ with original
ones. To address this question more studies are essentially
needed.
Further, compared to another our study in which a
DNA vaccine containing Mtb32c and HBHA from M. tuberculosis was evaluated, the ratio of IFN-γ /IL-4 was 16. Interestingly, in comparison to our two previous studies, the levels of TGF-β and IL-4 in mice vaccinated with Ag85a-Cfp10
were higher than the BCG group, which implies that the
immune system is more shifted towards the humoral immune system. As discussed, the aim of designing a new vaccine against tuberculosis is promoting cell mediated immunity. This means that compared to our previous works,
the Ag85a-Cfp10 construct has relatively poor responses in
stimulating effective immune responses. However, more
studies are required in the future.
DNA vaccine is a suitable and cost-effective way to introduce potent antigens to the immune system and evaluate the capability of these antigens in stimulating the immune system, especially for preliminary studies. However,
it has several limitations such as the possibility of its integration into host genome and increase in the risk of cancer
and although previous studies have shown that this possibility is low, serious concerns still exists. Another limitation of human DNA vaccine is related to the poor immunogenicity of DNA vaccine. To overcome this problem
several strategies have been employed such as codon optimization of gene of interest, use of electroporation for injection, and co-administration of effective adjuvants. Despite these drawbacks, DNA vaccine still remains as power6

ful means in the field of vaccine research (51).
5.1. Conclusions
The most critical element of immune response against
tuberculosis is cell mediated immunity. In the present
study, IL-12 and IFN-γ were measured as biomarkers of cellular immunity. High levels of IFN-γ was observed, however, the level of IL-12 was not elevated. There was also
the increased level of IL-4 as a Th2 biomarker. The results
may indicate that this vaccine cannot potentially activate
cell mediate immunity; however, more studies are needed
to investigate its effectiveness on restraining tuberculosis
and providing effective protection.
Footnotes
Authors’ Contribution:
Hadi Peerdogaheh and
Roghayeh Teimourpour performed laboratory tests, obtained the funding, and contributed the conception and
designing of the study. Zahra Meshkat contributed to the
conception and designing of the study, and guarantor of
integrity of the entire study. Bagher Moradi collaborated
in the performing laboratory tests. Mahdi Yousefipour,
Aida Gholoobi, and Akram Baghani collaborated in the
preparation/revision of the manuscript.
Conflict of Interests: Authors state that there is no conflict of interest.
Financial Disclosure: None declared.
Funding/Support: This work was supported by a grant
(No. 910016) from the Mashhad University of Medical Science.
References
1. Mandell D, Bennett JE. Principles and practice of infectious diseases. 7th
ed. Churchill Livingstone; 2009.
2. Collier L, Ballows A, Sussman M. Topley and Wilson’s microbiology and
microbial infections. 5. 10th ed. Hodder Arnold: London; 2005.
3. Hesseling AC, Marais BJ, Gie RP, Schaaf HS, Fine PE, GodfreyFaussett P, et al. The risk of disseminated bacille calmette-guerin
(BCG) disease in HIV-infected children. Vaccine. 2007;25(1):14–8. doi:
10.1016/j.vaccine.2006.07.020. [PubMed: 16959383].
4. Mangtani P, Abubakar I, Ariti C, Beynon R, Pimpin L, Fine PE, et al. Protection by BCG vaccine against tuberculosis: A systematic review of
randomized controlled trials. Clin Infect Dis. 2014;58(4):470–80. doi:
10.1093/cid/cit790. [PubMed: 24336911].
5. Roy A, Eisenhut M, Harris RJ, Rodrigues LC, Sridhar S, Habermann
S, et al. Effect of BCG vaccination against Mycobacterium tuberculosis infection in children: Systematic review and meta-analysis.
BMJ. 2014;349:g4643. doi: 10.1136/bmj.g4643. [PubMed: 25097193].
[PubMed Central: PMC4122754].
6. Trunz BB, Fine P, Dye C. Effect of BCG vaccination on childhood
tuberculous meningitis and miliary tuberculosis worldwide:
A meta-analysis and assessment of cost-effectiveness. Lancet.
2006;367(9517):1173–80. doi: 10.1016/S0140-6736(06)68507-3. [PubMed:
16616560].

Jundishapur J Microbiol. 2019; 12(1):e65689.

Corrected Proof

Peeridogaheh H et al.

7. Brandt L, Feino Cunha J, Weinreich Olsen A, Chilima B, Hirsch P, Appelberg R, et al. Failure of the Mycobacterium bovis BCG vaccine:
Some species of environmental mycobacteria block multiplication
of BCG and induction of protective immunity to tuberculosis. Infect
Immun. 2002;70(2):672–8. doi: 10.1128/IAI.70.2.672-678.2002. [PubMed:
11796598]. [PubMed Central: PMC127715].
8. Liu J, Tran V, Leung AS, Alexander DC, Zhu B. BCG vaccines: Their
mechanisms of attenuation and impact on safety and protective efficacy. Hum Vaccin. 2009;5(2):70–8. doi: 10.4161/hv.5.2.7210. [PubMed:
19164935].
9. Yuk JM, Jo EK. Host immune responses to mycobacterial antigens and their implications for the development of a vaccine to
control tuberculosis. Clin Exp Vaccine Res. 2014;3(2):155–67. doi:
10.7774/cevr.2014.3.2.155. [PubMed: 25003089]. [PubMed Central:
PMC4083068].
10. Druszczynska M, Kowalewicz-Kulbat M, Fol M, Wlodarczyk M, Rudnicka W. Latent M. tuberculosis infection–pathogenesis, diagnosis,
treatment and prevention strategies. Pol J Microbiol. 2012;61(1):3–10.
[PubMed: 22708341].
11. Orme IM. Current progress in tuberculosis vaccine development.
Vaccine. 2005;23(17-18):2105–8. doi: 10.1016/j.vaccine.2005.01.062.
[PubMed: 15755579].
12. Armitige LY, Jagannath C, Wanger AR, Norris SJ. Disruption of the
genes encoding antigen 85A and antigen 85B of Mycobacterium tuberculosis H37Rv: Effect on growth in culture and in macrophages.
Infect Immun. 2000;68(2):767–78. doi: 10.1128/IAI.68.2.767-778.2000.
[PubMed: 10639445]. [PubMed Central: PMC97204].
13. Lozes E, Huygen K, Content J, Denis O, Montgomery DL, Yawman AM,
et al. Immunogenicity and efficacy of a tuberculosis DNA vaccine
encoding the components of the secreted antigen 85 complex. Vaccine. 1997;15(8):830–3. doi: 10.1016/S0264-410X(96)00274-5. [PubMed:
9234526].
14. Stylianou E, Griffiths KL, Poyntz HC, Harrington-Kandt R, Dicks
MD, Stockdale L, et al. Improvement of BCG protective efficacy
with a novel chimpanzee adenovirus and a modified vaccinia
Ankara virus both expressing Ag85A. Vaccine. 2015;33(48):6800–8. doi:
10.1016/j.vaccine.2015.10.017. [PubMed: 26478198]. [PubMed Central:
PMC4678294].
15. Horwitz MA, Lee BW, Dillon BJ, Harth G. Protective immunity against
tuberculosis induced by vaccination with major extracellular proteins of Mycobacterium tuberculosis. Proc Natl Acad Sci U S A.
1995;92(5):1530–4. doi: 10.1073/pnas.92.5.1530. [PubMed: 7878014].
[PubMed Central: PMC42553].
16. Seki M, Honda I, Fujita I, Yano I, Yamamoto S, Koyama A. Whole
genome sequence analysis of Mycobacterium bovis bacillus Calmette-Guerin (BCG) Tokyo 172: A comparative study
of BCG vaccine substrains. Vaccine. 2009;27(11):1710–6. doi:
10.1016/j.vaccine.2009.01.034. [PubMed: 19200449].
17. Guinn KM, Hickey MJ, Mathur SK, Zakel KL, Grotzke JE, Lewinsohn
DM, et al. Individual RD1-region genes are required for export of
ESAT-6/CFP-10 and for virulence of Mycobacterium tuberculosis. Mol
Microbiol. 2004;51(2):359–70. doi: 10.1046/j.1365-2958.2003.03844.x.
[PubMed: 14756778]. [PubMed Central: PMC1458497].
18. Pym AS, Brodin P, Brosch R, Huerre M, Cole ST. Loss of RD1 contributed to the attenuation of the live tuberculosis vaccines Mycobacterium bovis BCG and Mycobacterium microti. Mol Microbiol.
2002;46(3):709–17. doi: 10.1046/j.1365-2958.2002.03237.x. [PubMed:
12410828].
19. Ganguly N, Siddiqui I, Sharma P. Role of M. tuberculosis RD-1 region
encoded secretory proteins in protective response and virulence. Tuberculosis (Edinb). 2008;88(6):510–7. doi: 10.1016/j.tube.2008.05.002.
[PubMed: 18640874].
20. Marinova D, Gonzalo-Asensio J, Aguilo N, Martin C. Recent developments in tuberculosis vaccines. Expert Rev Vaccines. 2013;12(12):1431–
48. doi: 10.1586/14760584.2013.856765. [PubMed: 24195481].
21. Baghani A, Yousefi M, Safdari H, Teimourpour R, Gholoobi A, Meshkat

Jundishapur J Microbiol. 2019; 12(1):e65689.

22.
23.

24.
25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Z. Designing and construction a DNA vaccine encoding the fusion fragment of cfp10 and Ag85A immunodominant genes of
Mycobacterium tuberculosis. Arch Med Lab Sci. 2017;2(4). doi:
10.22037/amls.v2i4.17185.
Silverman J, Suckow MA, Murthy S. The IACUC handbook. CRC Press;
2014.
Baghani A, Youssefi M, Safdari H, Teimourpour R, Meshkat Z. Designing and construction Pcdna3.1 vector encoding Cfp10 gene
of mycobacterium tuberculosis. Jundishapur J Microbiol. 2015;8(10).
e23560. doi: 10.5812/jjm.23560. [PubMed: 26587210]. [PubMed Central:
PMC4644269].
Sambrook J, Fritsch EF, Maniatis T. Molecular cloning: A laboratory manual. 2nd ed. Cold Spring Harbor; 2001.
Meshkat Z, Soleimanjahi H, Mahmoudi M, Hassan ZM, Mirshahabi H,
Meshkat M, et al. CTL responses to a DNA vaccine encoding E7 gene of
human papillomavirus type 16 from an Iranian isolate. Iran J Immunol.
2008;5(2):82–91. [PubMed: 18523353].
Teimourpour R, Peeridogaheh H, Teimourpour A, Arzanlou
M, Meshkat Z. A study on the immune response induced by
a DNA vaccine encoding Mtb32C-HBHA antigen of Mycobacterium tuberculosis. Iran J Basic Med Sci. 2017;20(10):1119–24. doi:
10.22038/IJBMS.2017.9445. [PubMed: 29147487]. [PubMed Central:
PMC5673696].
Javan MR, Jalali Nezhad A, Shahraki S, Safa A, Aali H, Kiani Z. Cross-talk
between the immune system and tuberculosis pathogenesis; a review
with emphasis on the immune based treatment. Int J Basic Sci Med.
2016;1(2):40–7. doi: 10.15171/ijbsm.2016.10.
Sia JK, Georgieva M, Rengarajan J. Innate immune defenses in
human tuberculosis: An overview of the interactions between
mycobacterium tuberculosis and innate immune cells. J Immunol
Res. 2015;2015:747543. doi: 10.1155/2015/747543. [PubMed: 26258152].
[PubMed Central: PMC4516846].
Schluger NW, Rom WN. The host immune response to tuberculosis. Am J Respir Crit Care Med. 1998;157(3 Pt 1):679–91. doi: 10.1164/ajrccm.157.3.9708002. [PubMed: 9517576].
Cooper AM. Cell-mediated immune responses in tuberculosis. Annu Rev Immunol. 2009;27:393–422. doi:
10.1146/annurev.immunol.021908.132703. [PubMed:
19302046]. [PubMed
Central: PMC4298253].
Flynn JL, Chan J, Triebold KJ, Dalton DK, Stewart TA, Bloom BR.
An essential role for interferon gamma in resistance to Mycobacterium tuberculosis infection. J Exp Med. 1993;178(6):2249–54. doi:
10.1084/jem.178.6.2249. [PubMed:
7504064]. [PubMed Central:
PMC2191274].
Cavalcanti YV, Brelaz MC, Neves JK, Ferraz JC, Pereira VR. Role of
TNF-alpha, IFN-gamma, and IL-10 in the development of pulmonary
tuberculosis. Pulm Med. 2012;2012:745483. doi: 10.1155/2012/745483.
[PubMed: 23251798]. [PubMed Central: PMC3515941].
Bibert S, Bratschi MW, Aboagye SY, Collinet E, Scherr N, YeboahManu D, et al. Susceptibility to Mycobacterium ulcerans disease (Buruli ulcer) is associated with IFNG and iNOS gene polymorphisms.
Front Microbiol. 2017;8:1903. doi: 10.3389/fmicb.2017.01903. [PubMed:
29046669]. [PubMed Central: PMC5632961].
Cooper AM, Solache A, Khader SA. Interleukin-12 and tuberculosis: An old story revisited. Curr Opin Immunol. 2007;19(4):441–7.
doi: 10.1016/j.coi.2007.07.004. [PubMed: 17702558]. [PubMed Central:
PMC2075090].
Vignali DA, Kuchroo VK. IL-12 family cytokines: Immunological playmakers. Nat Immunol. 2012;13(8):722–8. doi: 10.1038/ni.2366. [PubMed:
22814351]. [PubMed Central: PMC4158817].
Rook GA, Hernandez-Pando R, Dheda K, Teng Seah G. IL-4 in tuberculosis: Implications for vaccine design. Trends Immunol. 2004;25(9):483–
8. doi: 10.1016/j.it.2004.06.005. [PubMed: 15324741].
Buccheri S, Reljic R, Caccamo N, Ivanyi J, Singh M, Salerno A, et
al. IL-4 depletion enhances host resistance and passive IgA protec-

7

Corrected Proof

Peeridogaheh H et al.

38.

39.

40.

41.

42.

43.

44.

8

tion against tuberculosis infection in BALB/c mice. Eur J Immunol.
2007;37(3):729–37. doi: 10.1002/eji.200636764. [PubMed: 17304630].
Hernandez-Pando R, Aguilar D, Hernandez ML, Orozco H, Rook
G. Pulmonary tuberculosis in BALB/c mice with non-functional IL4 genes: Changes in the inflammatory effects of TNF-alpha and
in the regulation of fibrosis. Eur J Immunol. 2004;34(1):174–83. doi:
10.1002/eji.200324253. [PubMed: 14971043].
Redford PS, Murray PJ, O’Garra A. The role of IL-10 in immune regulation during M. tuberculosis infection. Mucosal Immunol. 2011;4(3):261–
70. doi: 10.1038/mi.2011.7. [PubMed: 21451501].
Abdalla AE, Lambert N, Duan X, Xie J. Interleukin-10 family and
tuberculosis: An old story renewed. Int J Biol Sci. 2016;12(6):710–
7. doi: 10.7150/ijbs.13881. [PubMed: 27194948]. [PubMed Central:
PMC4870714].
Beamer GL, Flaherty DK, Assogba BD, Stromberg P, GonzalezJuarrero M, de Waal Malefyt R, et al. Interleukin-10 promotes
Mycobacterium tuberculosis disease progression in CBA/J mice. J
Immunol. 2008;181(8):5545–50. [PubMed: 18832712]. [PubMed Central:
PMC2728584].
Huygen K, Content J, Denis O, Montgomery DL, Yawman AM, Deck RR,
et al. Immunogenicity and protective efficacy of a tuberculosis DNA
vaccine. Nat Med. 1996;2(8):893–8. doi: 10.1038/nm0896-893. [PubMed:
8705859].
Baldwin SL, D’Souza CD, Orme IM, Liu MA, Huygen K, Denis O, et
al. Immunogenicity and protective efficacy of DNA vaccines encoding secreted and non-secreted forms of Mycobacterium tuberculosis Ag85A. Tuber Lung Dis. 1999;79(4):251–9. doi: 10.1054/tuld.1998.0196.
[PubMed: 10692994].
Kashangura R, Sena ES, Young T, Garner P. Effects of MVA85A
vaccine on tuberculosis challenge in animals: Systematic review.
Int J Epidemiol. 2015;44(6):1970–81. doi: 10.1093/ije/dyv142. [PubMed:
26351306]. [PubMed Central: PMC4689998].

45. Guzman E, Cubillos-Zapata C, Cottingham MG, Gilbert SC, Prentice H, Charleston B, et al. Modified vaccinia virus Ankara-based
vaccine vectors induce apoptosis in dendritic cells draining from
the skin via both the extrinsic and intrinsic caspase pathways,
preventing efficient antigen presentation. J Virol. 2012;86(10):5452–
66. doi: 10.1128/JVI.00264-12. [PubMed: 22419811]. [PubMed Central:
PMC3347273].
46. Nicol MP, Grobler LA. MVA-85A, a novel candidate booster vaccine for
the prevention of tuberculosis in children and adults. Curr Opin Mol
Ther. 2010;12(1):124–34. [PubMed: 20140824].
47. McLaughlin B, Chon JS, MacGurn JA, Carlsson F, Cheng TL, Cox
JS, et al. A mycobacterium ESX-1-secreted virulence factor with
unique requirements for export. PLoS Pathog. 2007;3(8). e105. doi:
10.1371/journal.ppat.0030105. [PubMed: 17676952]. [PubMed Central:
PMC1937011].
48. Tan T, Lee WL, Alexander DC, Grinstein S, Liu J. The ESAT-6/CFP10 secretion system of Mycobacterium marinum modulates phagosome maturation. Cell Microbiol. 2006;8(9):1417–29. doi: 10.1111/j.14625822.2006.00721.x. [PubMed: 16922861].
49. Guo S, Xue R, Li Y, Wang SM, Ren L, Xu JJ. The CFP10/ESAT6 complex of Mycobacterium tuberculosis may function as a regulator
of macrophage cell death at different stages of tuberculosis infection. Med Hypotheses. 2012;78(3):389–92. doi: 10.1016/j.mehy.2011.11.022.
[PubMed: 22192908].
50. Wu Y, Woodworth JS, Shin DS, Morris S, Behar SM. Vaccine-elicited
10-kilodalton culture filtrate protein-specific CD8+ T cells are sufficient to mediate protection against Mycobacterium tuberculosis infection. Infect Immun. 2008;76(5):2249–55. doi: 10.1128/IAI.00024-08.
[PubMed: 18332205]. [PubMed Central: PMC2346695].
51. Li L, Petrovsky N. Molecular adjuvants for DNA vaccines. Curr Issues Mol Biol. 2017;22:17–40. doi: 10.21775/cimb.022.017. [PubMed:
27648581].

Jundishapur J Microbiol. 2019; 12(1):e65689.

