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ABSTRACT 
 
Tuberculosis is believed to be one of the leading sources of death round the world; 
nevertheless, Bacillus Calmette Guérin (BCG) is the solitary vaccine utilized to prevent 
TB. Despite the protective effect of this vaccine on children, its efficiency remains 
under question in adults. We conducted the present study to provide an overview of the 
DNA based vaccine against Tuberculosis (TB) and highlight the vaccine delivery 
advances and limitations in TB treatment. This study also aimed to bring a review of 
mycobacterial antigens, including heat shock protein 65 (Hsp65), antigen 85A (Ag85A), 
early secretory antigenic target (EAST-6), antigen 85B (Ag85B), and heat shock protein 
X (HspX) as the most extensively considered antigens used to strategy vaccines against 
M. tuberculosis. 
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INTRODUCTION 
 
To date, vaccines have always been one of the most important medical interventions in 
the world (1). In spite of great scientific advances ,   there are still several challenges in 
this regard (2); for instance, very limited time for clinical trials, particularly the trials 
associated with emerging and fatal infections. Rapid vaccine interventions could be 
specifically beneficial in case of emerging infections such as Ebola virus (EBOV), ZIKA 
virus (ZIKV), and recently coronavirus (COVID-19) (3). There are certain factors to be 
taken into consideration concerning vaccines, such as rapid development, simple and low 
cost to organize, stable in different temperature (3,4). According to WHO, in 2018, an 
estimated 10 million people were affected by tuberculosis (TB) worldwide, including 1.1 
million children, 3.2 million women, and 5.7 million men. However, these cases were all 
around the world and age groups, TB is preventable and curable (5,6). Currently, TB 
vaccination is one of the best approaches to preventing and controlling Mtb infection. 
Accordingly, the BCG vaccine as a live attenuated strain of M. bovis, is the only accepted 
vaccine against TB (7). Due to the many advantages over traditional vaccines, the DNA 
vaccine development is increasing more rapidly (8). DNA vaccines permit the expression 
of imported genes in a host and their demonstration of specific encoded proteins to the 
immune system, which subsequently results in the initiation of wide-ranging, antigen-
specific humoral, and cellular immunity (9). Certain advantages of employing DNA 
vaccines over traditional vaccines include simple production, low production cost, 
stability, promising safety profile of plasmid incorporation in humans, facility to be 
administered frequently since plasmid vector competences are not influenced by pre-
existing neutralizing antibodies, and ultimately, being able to target multiple antigens. 
Vaccine delivery is one of the major challenges in DNA vaccines (10,11). 
Advances in DNA Vaccine Delivery. The paramount features of DNA vaccine 
technology could be the fact that they are produced on an industrial scale and do not 
require the cultivation of the target pathogen (12,13). On the other hand, there are 
certain delivery-associated obstacles concerning DNA vaccines compared to traditional 
ones; DNA based vaccines require accurate physical injection and effective gene 
expression following injection (14). To overcome these problems, electroporation (EP) 
system and mechanically powered jet injection system was established appropriately 
(15-17). EP requires needle syringe injection of DNA into the target region while jet-
injection is most commonly employed for subcutaneous or intramuscular administration 
(18,19). Recently, a new type of needleless device has been established in order to 
control the injection depth and speed of using a computer armed in DNA vaccination 
(20). Undoubtedly, in the last decades, the micro-needle method has attracted a great 
deal of scientific attention regarding drug delivery. Simple drugs delivery in the outer 
membrane of skin layer, tough barrier, and inactivating stratum corneum (SC) are the 
paramount properties of micro-needle based drug delivery. In other words, the micro-
needle method significantly facilitates the admission of large hydrophilic molecules 
from physiological membranes (21,22). This method also provides a unique perspective 
on the drug delivery of high molecular weight and hydrophilic compounds through the 
skin (23). Moreover, not only it is completely painless and safe, but also significantly 
accelerates the healing and recovery of the skin. It also eliminates the risk of bacterial 
infection (24,25). Owing to these unique features, their use in cosmetic and restorative 
injections is significantly increasing. Additionally, considering the efficiency of the 
micro-needle method, it is suggested to be applied in oral mucosal, gastrointestinal, and 
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ocular drug delivery. In sum, micro-needle technique is extensively applied for drug 
delivery and it is predictable that several micro-needle-associated applications would 
develop for other organs and tissues. Dissolving micro-needles, coated micro-needles, 
solid removable micro-needle, hydrogel forming micro-needles, and hollow micro-
needles are the most imperative types of micro-needle procedure (Figure 1, A,B). Figure 
1.C represents the scheme of nano-vaccine possible cellular and humoral mechanisms. 

 
Figure 1. A) Representation of routine/old and micro-needle based injection methods on human 
skin. As can be seen in this figure, applying micro-needles technique, stratum corneum 
penetrated to the reaching the viable epidermis. Inserting the hypodermic needles into the 
muscle tissues or subcutaneous ruptured the skin (26). B) High-voltage electroporation 
technique where applied for a short time to create local aqueous penetrable areas in between 
lipid membranes by destabilization (27). C) The scheme of nano-vaccine possible cellular and 
humoral mechanisms (28). 
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Suitable vaccine administration/delivery is the key factor for a successful vaccination. 
Most vaccines are normally administered via the intramuscular (IM) or subcutaneous 
(SC) routes. Hypodermic injections are related to pain and distress that might lead to 
poor patient agreement. Thus, they require highly skilled personnel for administration 
(36). In these injections, there is a risk of disease transmission due to the probability of 
needle-stick damages or reuse of contaminated needles. Deficient vaccine supply or 
limitation of vaccine production might be also challenging in instances when quantity 
vaccination is required. In global vaccination, its limitations and production problems 
will be challenging (36).  
 
 
Table.1. Lists of the immune-biological administration through micro-needles 
and its associated effects. 
 

Vaccine Microneedle type Significances Ref. 

Live 
attenuated 

BCG 

Dissolving 
microneedle 

Vaccination using microneedle by 
(BCG) powder did not triggered severe 
bruise and inflammation as compared 

to intradermal injection 

[29] 

    
Hepatitis B 

surface 
antigen 

Dissolving 
microneedle 

The antigenicity of the Hepatitis B 
adjuvant continued for long-time with 

only a 10% loss 
[30] 

    
Rabies 

vaccination 
Dissolving 

microneedle 
Used vaccine dose ten-fold lower than 

full-dose intramuscular vaccination 
[31] 

    

IgG and IgG1 Hollow microneedle 
Ability to monitoring of immune 

response 
[32] 

    
Ag85B DNA 

vaccine 
Dissolving 

microneedle 
Microneedle patch 

(MNP) 

Effective protection and offer a novel 
approach against TB 

[33] 

   

BCG-
polysaccharide 
DNA vaccine 

MNPs eliminate the side effects of 
syringes, Finding revealed that BCG- 

can be clinically administrated in 
powder form 

[34] 

    
Nanoparticles 

based  TB 
Vaccine 

Hollow microneedle 
Effective protection and offer a novel 

approach in immune response 
[35] 

 

 

To be medically appreciated, DNA vaccines need to get into the nucleus before they can 
express antigen molecules. Naturally, the introduction of DNA vaccines requires proper 
perforation of existing cell membranes (37, 38). Several studies have demonstrated that 
direct injections of DNA vaccines could stimulate an immune response in smaller 
animals, and the delivery of the DNA to target cells is not optimum, particularly in higher 
animals (38, 39). Table 2 depicts certain DNA vaccine delivery methods which are of 
importance. 
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Table 2. DNA vaccine delivery methods. 
 

Delivery system Target Significance Ref. 

Electroporation in Vivo Hepatitis B 
Enhanced both humoral and cellular immune 

responses 
[40] 

Nanoparticles for DNA 
Vaccine Delivery 

Various 
target 

Effective protection, targeted directly [41] 

Bacteriophage lambda - Effective protection, targeted directly, highly stable [42] 

Cationic liposomes 
DNA-
hsp65 

16-fold decrease in the amount of DNA administered [43] 

Cationic microparticles DNA 
Used microparticles can efficiently adsorb more than 

one plasmid 
[44] 

Nasal administration 
DNA 

vaccine 
Higher localization of plasmids [45] 

Electroporation 
DNA 

vaccine 
Enhanced both humoral and cellular immune 

responses 
[46] 

Layered double 
hydroxides 

DNA 
vaccine 

Effective protection [23] 

Poly(orthoester) 
Microspheres 

DNA 
vaccine 

Induce maturation of antigen-presenting cell [47] 

Microprojection arrays 

Herpes 
simplex 

virus 
(HSV) 

Act locally in real-time [48] 

PEG-g-PEI/DNA 
nanoparticle-in- PLGA 

microsphere 

DNA 
vaccine 

Elicited humoral and cellular immune response at 
low dose 

[49] 

 
 
Mycobacterial Antigens. Several mycobacterial antigens have been identified for the 
development of efficient vaccines against tuberculosis. Since 1996, over 60 mycobacterial 
antigens have been vaccine candidates in preclinical models. It has been proven that 
immunization of mice with plasmid DNA encoding mycobacterial antigens through 
intradermal or intramuscular routes triggers potent Th1responses and high IL-2, and 
interferon-gamma (IFN-γ) levels are evidence of this immune response. DNA vaccination 
has been extensively contributed to MHC class I-restricted epitopes for mycobacterial 
antigens. Pathogenic Mycobacterium species are phagosome-restrained in model mice. 
Therefore, the identification of similar CD8+ T-cell responses is really difficult (50). 
DNA vaccines can flexibly encode multiple antigens, combinations of several antigens, or 
antigens along with immunomodulatory cytokines, which makes them even more 
efficient. Co-immunization with different vectors, which are not very effective as single 
vaccines, could bring about a higher degree of protection. Co-immunization with several 
plasmids, however, could result in some kinds of competition for antigen expression with 
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several plasmids, however, could result in a competition for antigen expression, which 
limits antigen expression and processing efficiency. On the other hand, in comparison to 
the combination of plasmids, the application of hybrid genes or multi-promoter plasmid 
vectors is simpler and more cost-effective for industrial purposes (51). Heat shock protein 
65 (Hsp65), early secretory antigenic target (EAST-6), antigen 85A (Ag85A), antigen 
85B (Ag85B), and heat shock protein X (HspX) are the most extensively considered 
antigens applied to develop vaccines against M. tuberculosis (52). Secretory and surface 
proteins (EAST-6) of M. tuberculosis are the paramount antigens expressed through 
immunization possible against tuberculosis. Encoded by three different genes on the 
mycobacterial genome, antigen 85 (Ag85) complex involves Mycobacterium tuberculosis 
(Mtb) and secretory proteins of Bacillus Calmette-Guerin (BCG). This compound 
contains three related antigens: Ag85C (32.5 kDa), Ag85A (32 kDa), and Ag85B (30 
kDa). These proteins are mycolyl transferase enzymes that are important for the 
biosynthesis of the mycobacterial cell wall throughout tuberculosis pathogenesis (52). 
Ag85A and Ag85B. Ag85A and Ag85B are two major Mtb secretory proteins that have 
pivotal roles in eliciting strong humoral and cell-mediated immune responses and 
protecting against tuberculosis in animal models. Ag85 complex plays its main role in 
tuberculosis pathogenesis likely via its physiological function in the biosynthesis of M. 
tuberculosis cell wall lipids. In addition, owing to its ability to bind with fibronectin, it is 
an essential constituent in tuberculosis pathogenesis. This protein complex stimulates the 
adhesion of mycobacteria to the mucosal surfaces and, therefore, facilitates its entry to the 
host cell (53). Some trainings have focused on Ag85A as suitable antigen for developing 
DNA vaccines against M. tuberculosis. During 2000, Audrey Tanghe and coworkers 
explored the immunogenicity of a DNA vaccine encoding Ag85A in mice. They 
determined that Ag85A DNA vaccine is a high-quality technique to convince protective 
Th1 immune responses (54). Meanwhile, another work by the same authors revealed that 
DNA priming vaccination monitored by exogenous protein-boosting characterizes a well-
organized way of growing the immunogenicity and protective effect of DNA vaccine 
encoding Ag85 (55). In 2002, S. D’Souza vaccinated mice with a plasmid DNA carrying 
Ag85A. He reported that the level of T-cell-derived Th1-type cytokines were higher in 
response to Ag85A (56). Sugawa et al., administered a DNA vaccine encoded Ag85A of 
tuberculosis for pigs via epidermal gene gun bombardment and determined its protecting 
ability. According to their results, peptide boosting and dosage played the key roles in 
prompting higher protective responses by DNA vaccination (57). Ruyi Liu et al. studied 
the immunogenicity of a multi-epitope DNA vaccine encoding some mycobacterial 
antigens including Ag85A in mouse models in 2008 (58). They indicated that this DNA 
vaccine induced stronger immune reactions with high levels of specific IgG antibody. 
Relevant studies during 2009 also put Ag85A forward as a model antigen for DNA 
vaccine studies (58). Fayaz Ahmad Mir fabricated a novel strategy for DNA vaccine 
encoding Ag85A in concoction with other mycobacterial antigens (59). Based on his 
results, developing vaccines may be a potential approach to fighting against tuberculosis 
(59). Another study planned four functional Tcell epitopes as well as Ag85A, and 
considered cellular and humoral responses elicited by this DNA vaccine in mice (60). In 
2012, Ahn et al. performed a head-to-head comparison of seven tuberculosis antigens 
delivered as DNA vaccines and evaluated their associated immune responses and immune 
protection in mouse models (61). The obtained results pointed out that the Ag85A 
vaccines in combination with chemotherapy reduced bacterial load. The current study 
verified that DNA vaccination directed to a stronger Th1 cytokine response against 
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tuberculosis (61).  In 2014, Kun Tan et al. industrialized a recombinant BCG strain 
expressing Ag85A. They complemented he protective effects of this recombinant vaccine 
and immune responses with a former BCG prime booster regimen and reported that their 
novel vaccine elevated both TNF-α and iNOS responses in the lung and produced higher 
IFN-γ responses. Therefore, this DNA vaccine provided better control of bacterial growth 
in the lung and spleen of vaccinated mice (62). Zahra Meshkat directed a survey in 2016, 
in which the immunogenicity of Ag85A DNA vaccine was analyzed with enzyme-linked 
immunosorbent assay (ELISA). She established that the levels of IFN-γ and IL-12 
increased significantly in mice vaccinated with Ag85A DNA vaccine in comparison with 
control BCG groups (63). In another study in the same year, Yan Liang constructed a 
chimeric DNA vaccine which was encoded Ag85A of M. tuberculosis (64). The 
administration of this DNA vaccine implied results opposed to the previous reports. Even 
though in contrast to the previous findings, these results indicated that DNA vaccines 
were either beneficial or at least not harmful, they resulted in increased mortality in mice. 
A study conducted in 2017 by Baghani et al. recommended that a DNA vaccine encoding 
Ag85A of M. tuberculosis might be applied for exploring immune responses in animal 
models (65). In another research, Li Sun united AG85A DNA vaccine with the IL-15 as a 
molecular adjuvant in order to examine the potential immune response. They perceived a 
greater Th1 immune response in mouse models vaccinated by a DNA vaccine expressing 
Ag85A-IL-15 transgenes (66). As another member of Ag85 complex, Ag85B has been 
also studied as an antigen to design DNA vaccines against tuberculosis. In 2002, D’Souza 
et al. studied Ag85B in combination with Ag85A and PstS3. Their obtained results 
indicated that formulation in Vaxfectin had an increasing effect on the protective 
efficiency of the Ag85B DNA vaccine (56). Xia Tian evaluated the immunogenic activity 
and protective efficacy of a divalent DNA vaccine encoding Ag85B and MPT 64 of M. 
tuberculosis (67). He elucidated that both humoral and Th1 cellular responses caused by 
this bivalent vaccine were significantly higher than those of BCG (67). In 2009, Wanhong 
Yao et al. investigated the immune responses and efficacy of Ag85B DNA vaccine in 
mice. This study revealed that Ag85B- spleen lymphocyte and specific antibodies 
proliferative responses motivated by DNA co-expressing bovine herpesvirus 1 VP22 
(BVP22) and Ag85B were significantly greater than those perceived in mice vaccinated 
with Ag85B only (68). Following several studies, Haifeng Gao and coworker expressed 
that Ag85B in a chimeric DNA vaccine carried further mycobacterial antigens. Based on 
their findings, this DNA vaccine could effectively induce greater specific cell-mediated 
immune responses (69). In 2013, Cervantes fabricated a DNA vaccine via the fusion of 
Ag85B genes and β defensin 2. Mice were vaccinated with constructed DNA vaccine and 
showed that this vaccination resulted in similar level of protection as BCG vaccines (70, 
71). Yet after encountering certain challenges with highly virulent M. tuberculosis strain, 
the animals which were prime-boosted with BCG followed by DNA vaccine showed 
remarkably higher survival (71). In the same year, Jomkhwan Meerak utilized a DNA 
vaccine to discover whether autophagy increases immune responses alongside DNA 
vaccination. For this reason, DNA vaccine with autophagy convincing created greater 
Ag85B-specific antibody levels in comparison to Ag85/b plasmid with the wild type 
mTOR construct, Ag85B alone, and vaccinated control group (72). The findings 
confirmed that the primeboosted DNA vaccination with a lentivirus encoding Ag85B 
considerably improved bothCD8+ cytotoxic T lymphocytes and T helper type I responses 
in comparison to the DNA and protein-based vaccines (73). 
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Table 3. DNA vaccine based on Ag85A and Ag85B antigens. 
 

Antigen Model cloned Vector Cell line Strain 
Immune 
Response 

Ref. 

ESAT6 
Ag85B 

mouse skin - 
murine 

defensin-2 
(mBD2) 

TB H37Rv 
Th1 adaptive 

response 
[70] 

 
Ag85A 

Escherichia coli 
DH5 

Recombinant 
plasmid DNA 

C57BL/6 
mice 

 
H37Rv,VR1020 

 
IFNγ, IL-2 

 
[55] 

Ag85A mice VR1020 mice 
Kurono strain 
(ATCC25618) 

IFN-γ [57] 

 
Ag85B 

female BALB/c 
inbred mice 

 
pmTOR-KD 

 
HEK293T 

cells 

 
TB 

 
IFN-γ,IL-2 

 
[72] 

 
ESAT-6 and 

Ag85A 

Escherichia coli 
strains DH5α 

and BL21 (DE3) 

 
pDE22 

 
C57BL/6 

mice 

M. 
tuberculosis 
H37Rv, M. 
bovisBCG 

China 

 
IFN-γ, IL-10, 

TNF-α 

 
[62] 

Ag85A C57BL/6 mice pcDNA3.1 
(HEK293)c

ells 
- 

IL 2 
 

[66] 

Ag85B 
E. coli BL21 

(DE3) 
pcDNA3.1(+) 

female       
C57BL/ 6 

Mtb H37Rv IFN-γ [68] 

Ag85B and 
Rv3425 

mice pVax 
293T cell 

line 
bovis BCG 

H37Rv 
- [73] 

Ag85B and 
MPT64 

C57BL/6 mice 
 

pJW4303 
E. 

coli DH5α 
H37Rv and M. 

bovisBCG 
IFN-γ,IL-4 

 
[67] 

Ag85B ESAT-
6, Ag85A, 
CFP-10 

 
female BALB/c 

mice 

 
pcDNA3.1 

 
- 

 
PPD,BCG 

 
IFN-γ, TNF-
α, IL-4 

 
[69] 

cfp10 , Ag85A 
E. coli strain 

JM109 
pCDNA3.1 HeLa cells TB H37Rv 

TNFα, IL-2, 
IFNγ 

[65] 

Ag85B and 
MPT64 

C57BL/6 mice pJW4303 
E. coli 
DH5α 

H37Rv and M. 
bovis BCG 

IFN-γ,IL-4 [67] 

 
 
Hsp60 Family. The mycobacterial heat shock protein (Hsp65, 65 kDa), as a member 
of the Hsp60 family, is the major antigen of M. tuberculosis. From a general point of 
view, Hsp65 is analogous to the eukaryotic Hsp70 chaperon. Matrix 
metallopeptidase 9 (MMP9) could break down the Hsp65 and subsequently form 
immunogenic peptides that disturb host adaptive immunity. A highly important point 
in the design of DNA vaccine based on antigen Hsp65 is its similarity to more than 
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50 amino acids with mammalian cells, which makes autoimmune reactions, such as 
systemic lupus erythematosus, acute anterior uveitis, and arthritis possibility (74). 
Moreover, it has been demonstrated that M. leprae hsp65 induces noticeable 
humoral and cell-mediated immunity in guinea pigs infected with Mycobacterium 
tuberculosis (74). For note, the pathophysiological significance of the H antigen is 
very wide and requires further research (74). In other words, on top of demonstrating 
important antigens, hsp65 could be a peptidase with the potential of generating or 
destroying other biologically active molecules probably involved in vaccine 
production processes (74). Furthermore, hsp65 has been studied as a candidate 
antigen for DNA vaccines during the last decades. Shi Changhong fabricated human 
IL-2 genes and plasmid DNA vaccine expressing hsp65, 10 years ago. He 
demonstrated amplified Th1 cellular response and greater levels of IL-2 and IFN-γ 
in mice (75). These findings recommended that the applied vaccine improved 
protective effects of DNA vaccine against tuberculosis and their immunogenicity 
(75). Another study was developed based on a DNA vaccine encoding numerous 
mycobacterial antigens as well as hsp65. Its results revealed that DNA vaccination is 
an effective way of tempting improved specific cell-mediated immunity against 
tuberculosis in mice (69). In an investigation conducted by Yan Dong et al. in 2013, 
a bicistronic DNA vaccine was made, which expressed hsp65 and EAST-6 in mice. 
They perceived a greater titer of the IFN-γ and IL-2 secretion, antibody, and 
lymphocyte proliferation, which was suggestive of a real immune response prompted 
by DNA vaccine (76). In another research by Qingmin Wanget et al., the immune 
responses induced by a DNA vaccine with the hsp65 gene were studied. They 
showed that UbGr-hsp65 DNA vaccine prompted a Th1-polarized immune response 
with meaningfully enhanced IFN-γ and proliferative T cell response from spleen 
when compared with the responses in the hsp65 DNA vaccine group. Consequently, 
this study verified that UbGr fusion could increase specific cell-mediated immune 
responses (77). 
During induction of infection with macrophage and oxygen decline, HspX could not 
stimulate IFN- immune responsesin BCG vaccinated animal model or in newborn 
BCG immunization. The HspX (16 kDa a-crystallin homologue) protein in TB 
which, encoded by the acr gene. This gen is one of the most important helper of the 
small heat shock protein family of chaperones. During the move from log-phase 
growth toward stationary phase, HspX expression rises and turn into one of the 
highest plentiful proteins in the stationary phase (78). Nevertheless, the cellular 
contented of 16-kDa protein, though low in log-phase bacteria, increased to a 
maximum at 10 days and persisted at this high level until 50th days. This revealed 
that this protein is a steady molecule with a low turnover rate. Our results showed 
that the regulation of (78). Due to the slowly growing heat shock protein, X antigen 
is an unusual protein of M. tuberculosis complex whereas it is classified as a heat 
shock protein (74). Members of the sHSP family revealed in M. tuberculosis, and 
Acr2 is heat stress-induced Ribosome-associated protein (17.8 kDa). The full 
sequence similarity between Acr2 and Acr1 is over 40% and the crystal-like domain 
is over 5%. Some Mycobacteria such as M. smegmatis and M. marinarium have 
Acr3 protein that are homologous with both Acr1 and Acr2. This protein is closely 
similar to the single sHSP in M. leprae (79). In Mycobacteria strain, from which acr 
gene was removed despite normal growth in culture, the development of 
macrophages decreased. DosR transcription factor, regulated by histidine sensor 
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kinases, controlled the gene expression, and regulated by histidine sensor kinases. 
During stresses such as S-nitrosoglutathione, ethanol, and hypoxia the dos R regulon 
induced Acr1 transcription, yet not under heat shock (79), heat shock powerfully 
regulated Acr2 genes. Additionally, negative regulation was monitored by the hspR 
heat shock regulator while positive regulation was monitored by other sigma factors. 
H and E factors, combined with heat and oxidative stress (79). Both tuberculosis 
acceptor and non-acceptor macrophages, which were not stimulated by interferon, 
were also involved in the regulation of the ECR gene. In mouse models, although 
mutations in the ECR1 gene reduce pathogenesis, mutations in gene 2 have no effect 
on pathogenicity. Recent studies have revealed that Acr2 is the main target of 
humoral and T cell immunity throughout the early phases of infection in humans. 
This finding could be significant for emerging improved vaccines (80). Chaperone-
like activity is one of the paramount aspects and potentials of HspX antigen, a 
cytosolic protein, which has been mostly considered. In some cases, as well as 
pulmonary TB patients, the HspX antigen was able for induction of IgG antibodies 
among from 34- 62%. So, HSPX have been used with other antigen to expand 
commercial sero-diagnostic trials. In up-to-date microarray method B-cell epitopes 
of HSPX accepted through peptide (81). The results of studies show that the HSPX 
antigen is compressed in the cell wall in TB anaerobic and microaerophilic 
cultures.Under increased expression of HspX antigen hsp60 promoter makes 
recombinant M. smegmatis or else M. tuberculosis that this less vulnerable 
mycobacterium to autolysis and have a slow initial growth ratio. Consequently, 
HspX is of other key roles, for instance adjusting to intracellular environments in 
early stages and continuing long-term viability of M. tuberculosis in vivo (82). 
Approximately 77% of chronic TB patients have detectable anti-HspX since HspX is 
an extra immunogenic protein. Although the higher level of IFN- responses to HspX 
protein could be used as an interpreter of latent TB infection, individual with active 
TB had little IgG antibody against HspX. Additionally in mice, HspX antigen-
induced high levels of IFN-γ (82). According several studies HspX prompted a high 
level of INF in the latent stage of TB patients (83). The obtained findings herein 
indicated that the latent stage of infection and stationary phase are the appropriate 
phases to apply HspX antigen in order to fabricate a suitable TB vaccine. An 
arrangement of Ag85A and HspX antigen is the potential reactive TB antigen 
throughout the stationary stage and the main TB antigen, correspondingly. In 
another study, this arrangement was utilized for improving a prophylactic vaccine 
and maintain protective from the acute phase to the chronic phase of infection. In 
this regard, a TB aerosol from mouse models was applied to estimate the primed 
combination of HspX antigen only in stationary and early phases (83). Our findings 
demonstrated that once the mice are vaccinated with combined antigen, a greater 
level of IFN-γ secretion was prompted compared to that prompted via a single 
antigen, Ag85A or HspX antigen. Even though both HspX antigens and Ag85A 
could be applied as a TB vaccine candidate, a mixture of these antigens might 
synergistically induce IFN-γ production. |Comparing the naïve group with BCG 
vaccinated group, the bacterial reduction (around 1.2 log (p<0.001) was shown in 
both lungs and spleen. Furthermore, in comparison with other investigational 
vaccines, the attained protective efficacy of the vaccine was considerably higher. In 
sum, the protective efficacy of the stationary phase of infection with HspX antigen 
vaccine permitted its combination with Ag85A antigen to obtain greater and further 
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stable protective efficacy in the stationary and early stages of infection (84). It is 
necessary to evaluation of the protection level of the combined antigen vaccine is of 
great necessity, particularly against hypervirulent M. tuberculosis strains, such as 
HN878, ny669, or W-beijing in the chronic, intense, and stationary degrees of the 
disease (85). According to the findings of Taylor et al., HspX is capable of 
stimulating both short and long-term protective effects. Current studies have proven 
that IFN-γ production in cells from the mice vaccinated with HspX is substantially 
more than that of those vaccinated with BCG. Additionally, the ability of HspX to 
excite CD4+ T cells has been assessed. For this reason, spleen cells from mice were 
analyzed a half year following the vaccination. The amount of CD4+ T cells and 
plenitude of cytokines TNF-α, IL-2, and IFN-γ in the cells of the mice immunized 
with HspX were more significant than those of the mice vaccinated with BCG. 
Accordingly, HspX might be an efficient TB immunization candidate (86). 
The Anti-tumor Potential of HspX Antigen. It has been demonstrated that heat 
shock protein X (HspX) in Mycobacterium tuberculosis has significant potentials as 
an immune adjuvant in DC-based tumor immunotherapy. This treatment helps to 
induce the tumorreactive T cell responses, particularly in tumor-specific CTLs. Pro-
inflammatory cytokine production (TNF-a, IL-1b, IL-6, and IFN-b) and DC 
maturation are induced by HspX protein through TLR4, the binding mediated by 
both TRIF and MyD88 signaling pathways. In a study by Jung ID et al., two models 
of metastasis and tumor progression were employed to evaluate HspX-stimulated 
DCs in vivo. They reported that the activation of naive T cells increased following 
the administration of HspX-stimulated DCs, effectively polarizing the CD4+ and 
CD8+ T cells to secrete IFN-γ. In addition, it has been shown that in therapeutic 
experimental animals, the cytotoxicity of splenocytes against HPV-16 E7 (E7)–
expressing TC-1 murine tumor cells enhanced. In conclusion, HspX-stimulated DCs 
result in high therapeutic response rates with tumor-targeted Th1-type T cell 
immunity. These results suggest that HspX could be applied for the treatment of 
tumors in which the exquisite immunological power and specificity of DCs were 
harnessed. It has also been reported that HspX has the potential to be used as a 
promising candidate for TB vaccines owing to its ability to induce Th1-type T cell 
immunity. Jung ID et al. suggested that the interaction of HspX with DCs as a TLR 
ligand might be the mechanism in which host immunity against M. tuberculosis is 
boosted. Therefore, they suggested that, specifically in the context of DC-based 
immunotherapy, HspX could be used as a key adjuvant in cancer therapeutic 
vaccination (87).  They showed that HspX could enhance both Th1 polarization and 
DC activation as a potent TLR4 agonist through TRIF and MyD88 signaling 
pathways (87). Interestingly, it has been shown that strong induction of Ag-specific 
CD8+ T cell–mediated immune responses are arbitrated by HspX, which triggered 
the reversion of tumor growth and metastasis in vivo. The major effect of HspX as 
an immune adjuvant is believed to be promising, which will open a new outlook for 
the improvement of new immunotherapeutic approaches for better clinical results 
(88). 
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Table 4. DNA vaccine based on HspX antigen. 
 

Antigen Model cloned Vector Cell line Strain 
Immune 
Response 

Ref 

HspX,, 
PPE44, 

and 
EsxV, 

pGH vector pcDNA3.1(+) (CHO) - 
IFN-γ, IL-

12, and 
TGF-β 

(89) 

Rv3407, 
Ag85A, 

and HspX 
Mice pCMV.tPA (HEK293T) 

M. bovisBCG 
strain Pasteur 

and M. 
tuberculosis 

H37Rv 

IFNߛ,TNFα 
and IL-2 

(59) 

Hsp65 
BALB/c female 

mice 
pcDNA3 

H-2d a 
lymphoma 

cell line 
TB IFN-γ (77) 

Hsp65 
and  

Esat-6 
C57BL/6 mice pIRES HepG-2 cells - IFN-γ ,IL-2 (90) 

Hsp65 - pcDNA3.1 
Eukaryotic 

cell 
MTB H37Rv IFN-γ ,IL-2 (75) 

Hsp70 
Saccharomyces 

cerevisiae 
pCIVP2-
cHSP70 

Vero Cell - 
IL12 and 

IFN 
(91) 

HspX,, 
PPE44, 

and 
EsxV, 

pGH vector pcDNA3.1(+) CHO - 
IFN-γ, IL-

12, and 
TGF-β 

(89) 

 
 
EAST-6 and Culture Filtrate Protein (CFP)-10. EAST-6 (Rv3875) antigen is one of the 
most important mycobacterial antigens profusely produced in culture. EAST-6 antigen and 
filtrate protein (CFP)-10 are identified to be the most immunogenic proteins revealed in 
culture filtrates of mycobacterial cells. (CFP)-10 antigens secretion and stability are 
dependent on tight dimer form. There are numerous virulent mechanisms that are intricate 
in EAST-6 and CFP-10 antigens. These main antigens are able to stimulate both adaptive 
and innate immunity notably, and as a result, inactivated EAST-6 dramatically reduces M. 
tuberculosis virulence consequently, for virulence functions, EAST-6 is a vital component 
associated with ESX-1 secretion system. EAST-6 is also capable of inducing apoptosis in 
macrophages via activation of caspase expression. Furthermore, the combination of EAST-
6 and CFP-10, and the triggered reactive oxygen species (ROS) suppresses the production 
of LPS-mediated NF-κB and prevents its expression. Additionally, EAST-6: CFP-10 could 
be beneficial in the dissemination of M. tuberculosis in the lung and cell lysing by 
combining with host proteins like laminin (93). 
As a result of important study immunogenic proteins of mycobacteria, EAST-6 and CFP-10 
have been attracted during last years. EAST-6 and CFP-10 have attracted a great deal of 
scientific attention during last years. In 2004, Alexander C. Maue reported that improved 
protection against virulent M. bovis is attributed to co-administration of CD86 and CD80 to 
fabricate EAST-6 DNA vaccine (94). This antigen was considered as a multi-epitope DNA 
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vaccine encoding Hsp70, Ag85A, and EAST-6 by Ruyi et al. in 2008. Their findings 
illustrated that multi-epitope DNA vaccine induced robust immune responses in mice 
leading to high levels of IgG, and stimulating IFN-γ secretion. In a similar study, Haifeng 
Gao fabricated a recombinant plasmid containing EAST-6, CFP-10, Ag85A, and Ag85B 
genes as a DNA vaccine for mice. Cellular responses occurred once. Cellular responses 
occurred when immunization with this constructed vaccine (69). In 2013, two DNA 
vaccines complete fusion of beta-defensin-2, and antigens EAST-6 and Ag85B created. 
These vaccines were managed to mouse models with BCG and equally in control case. This 
study improved BCG vaccination in the group vaccinated with a combination of DNA 
vaccines and BCG (70). Nanoparticle-based DNA vaccine containing EST-6 epitopes in the 
similar year was established by Ganzhu Feng. This vaccine was administered to mice and 
led into increased T-cell responses, which demonstrates immunogenic and protective effects 
of it (95). In a similar study, a DNA vaccine expressing EAST-6 and Hsp65 with a cytokine 
such as a molecular adjuvant was investigated. Utilizing this DNA vaccine stimulated 
considerably higher antibody titers, as well as lymphocyte proliferation, IFN-γ and IL-2 
levels compared to the groups vaccinated with other recombinant plasmids. On the other 
hand, in another study in 2014, a recombinant BCG strain expressing a combination protein 
of EAST-6 and Ag85 was fabricated (76). The immune responses and protective effects of 
this DNA vaccine were assayed. Due to the improvement of BCG with this DNA vaccine in 
the lung, higher IFN-γ levels and notably improved secretion of TNF-α and iNOS levels 
were stimulated; this immune response is associated with better control of bacterial growth 
(76). A chimeric DNA vaccine bringing EAST-6 and Ag85A genes was made in 2016. Yan 
Liang et al. cured mice with this DNA vaccine and reported faster mortality due to 
vaccination. Therefore, contrary to the literature, they stated that individual antigens were 
promising or at least harmless. Thus, it was determined that EAST-6 is not suitable as a 
therapeutic vaccine (64). 
 
 
Table 5. DNA vaccine based on EAST-6. 
 

 

Antigen Model cloned Vector Cell line Strain 
Immune 
Response 

Ref 

Esat-6/3e 
female C57BL/6 

mice 
pIRES - M.tb H37Rv 

IFN-γ -IL-
12-IL-4 

(76) 

ESAT-6 breed cattle 
VR101

2 
COS-7cells 

M. bovisstrain 
1315 

IFNγ (94) 

ESAT6 -Ag85B mouse skin - 
murine  

defensin-2 
(mBD2) 

TB H37Rv 
Th1 adaptive 

response 
(70) 

ESAT-6 and 
Ag85A 

Escherichia coli 
strains DH5α 

and BL21 (DE3) 
pDE22 

C57BL/6 
mice 

M. tuberculosis 
H37Rv, M. 
bovisBCG 

China 

IFN-γ, IL-
10, TNF-α 

(62) 

Hsp65 and  
Esat-6 

C57BL/6 mice pIRES 
HepG-2 

cells 
- IFN-γ ,IL-2 (76) 

Ag85B ESAT-6, 
Ag85A, CFP-10 

female BALB/c 
mice 

pcDN
A3.1 

- PPD,BCG 
IFN-γ, TNF-
α, IL-4 

(69) 



Mobed A. 

Iran.J.Immunol. VOL.17 NO.4 December 2020                                                                                                              268	

CFP-10 and ESAT-6. In M. tuberculosis, CFP-10 and ESAT-6 are related to a large family 
of mycobacterial proteins in the genome (96). These genes have been shown to be equally 
regulated in the absence of conventional signal secretion (97). M. tuberculosis releases 
(ESAT-6) and a 10-kDa culture filtrate protein (CFP-10) as a heterodimeric protein 
complex, while a secretion system VII, that is essential for virulence. Considering the 
biological activity of CFP-10, this antigen is a chaperone protein for ESAT-6 and multiple 
virulence-related functions (98). ESAT-6 can mainly interact with beta-2-microglobulin 
(b2M), and unite with major histocompatibility complex (MHC) class I family of proteins 
involved in antigen production and iron regulation, which has been recently discovered 
(99). Furthermore, ESAT-6 interacts with b2M and prevents its participation in MHC-I 
molecules to penetrate the endoplasmic reticulum (ER); therefore, ESAT-6 condenses 
surface expression of MHC-I-b2M complex and obstructs loading of antigen-derived 
peptides to the MHC-I complex (95). The present study exhibited that ESAT-6 virulence 
potent is associated with depression of the host adaptive immune responses and arranges a 
successful infection. These results may help in the expansion of novel therapeutics against 
the lethal diseases (99). To date, for building up common types of TB vaccine, such as 
recombinant BCG, DNA vaccines, and subunit vaccines, ESAT-6 has been applied since it 
is believed to be capable of creating these vaccines (100). Furthermore, several studies have 
tested the role of Ag85BESAT-6 as a significantly efficient vaccine against TB. As a result, 
TB subunit vaccine comprising Ag85B-ESAT-6/CAF01 convinced constant protective 
vaccine effects by inducing the proliferation of TNF, IL-2, IFN-γ, TNF-α, and memory 
CD4+ T cells by multifunctional outlines (101). 
 
 
Table 6. DNA vaccine based on CFP-10 and ESAT-6 antigens. 
 

Antigen 
Model 
cloned 

Vector 
Cell 
line 

Strain 
Immune 
Response 

Ref 

cfp10 - Ag85A 
E. coli strain 

JM109 
pCDNA3.1 

HeLa 
cells 

TB H37Rv 
TNFα, IL-2, 

IFNγ 
(65) 

cfp10 and Ag85A BALB/c mice 

pET28a(+) 

pcDNA3. 

- 

 
BCG-Pasteur 
Prokaryotic 

IFN-γ and IL-
2 

(76) 

Ag85B ESAT-6, 
Ag85A, CFP-10 

female 
BALB/c mice 

pcDNA3.1 - PPD,BCG 
IFN-γ, TNF-
α, IL-4 

(69) 

 
 
Chimeric DNA Vaccines as Recent Trend in DNA Vaccine. According to the modern 
strategy in DNA vaccine as well as the immunotherapeutic property of ESAT 6 DNA or 
single antigen Ag85A DNA vaccines, in some studies, the application of DNA plasmid that 
is able to express both of Ag85A-ESAT-6 as a chimeric protein, has been recommended. In 
comparison with other vaccines, a mixture of them as a chimeric DNA vaccine has 
remarkably shows some advantages such as cost-effective and inducing stronger 
immunotherapeutic effects. In the other hand chimeric vaccines create excellent protective 
immunity in macrophage, and directly linked Ag85B and ESAT 6 (102). Despite the 
advances in DNA vaccines in recent years, it seems that further research is needed to obtain 
the most efficient vaccine. In other words, although DNA vaccines are of many advantages 
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over older vaccines, they have disadvantages and limitations; hence, further comprehensive 
researches are required to address these limitations. Table 7 represents some of the most 
important advantages and disadvantages of DNA vaccines. 
 
 
Table 7. Advantages and disadvantages of DNA vaccine. 
 

Advantages Disadvantages Ref 

No risk for infection 
Restricted to protein immune-gens (not valuable for 

non-protein based antigens such as bacterial 
polysaccharides). 

(103-107) 

Antigen presentation by both 
MHC class I and class II 

molecules 
Risk of affecting genes controlling cell growth. 

Simplicity of expansion and 
manufacture 

Possibility of inducing antibody production against 
DNA. 

Stability for storage and 
transport 

Possibility of tolerance to the antigen (protein) 
produced. 

Long-term persistence of 
immune-gen 

Potential for atypical processing of bacterial and 
parasite proteins. 

In vivo expression guarantees 
protein more closely resembles 
normal eukaryotic structure, 

with associated post-
translational modifications 

 

 

 
 
DISCUSSION 
 
In conclusion, the obtained results in this work confirmed that a DNA vaccine 
immunization considerably increased DNA-mediated protection and had therapeutic 
effects against TB. DNA vaccines offer a number of advantages over certain other 
types of vaccines, such as the stimulation of strong immune response to their general 
manufacturing platform and their relatively low engineering costs. In view of their 
robust potential for inducing memory responses, DNA vaccines are mainly suitable 
for preparing immune responses. Moreover, DNA vaccine technology may help 
antigen detection by facilitating the screening of candidate vaccines. Furthermore, our 
findings revealed that vaccine delivery is one of the most important challenges in the 
development of DNA vaccines, and it seems that with the progress in this field, the 
effectiveness of the vaccine will increase dramatically. In conclusion, we recommend 
further research regarding the efficiency of DNA vaccines against TB focusing on the 
exact antigens and improving immune responses and immunogenicity. 
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