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Bacillus Calmette–Guerin (BCG) is an established vaccine used for tuberculosis (TB)
prevention; however, it is not effective in adults and is only protective for children’s
extrapulmonary TB. Therefore, many efforts have focused on producing effective
TB vaccines for adults. One promising approach is DNA vaccination because of its
ability to elicit both humoral and cellular immune responses, low cost, rapid
production, desirable stability, and efficient protection against several infectious
diseases. Nanoparticle (NP)-based systems can also enhance the immunogenicity of
DNA vaccines by protecting naked plasmid DNA from nucleases and improving its
delivery to immune cells. In this review, we focus on the design and delivery of
novel DNA-based vaccines against TB and summarize investigations on specific
mycobacterial antigens and chimeric combinations in animal models.
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Teaser Current tuberculosis (TB) vaccines have some disadvantages and many efforts have
been undertaken to produce effective TB vaccines. As a result of their advantages, DNA
vaccines are promising future vaccine candidates. This review focuses on the design and
delivery of novel DNA-based vaccines against TB.
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Some microorganisms belonging to the Mycobacterium tuberculosis
(Mtb) complex produce an airborne infectious disease, called
tuberculosis (TB). Robert Koch discovered this bacterium in
1882 and it has been a significant cause of mortality and morbidity
ever since. TB can involve all parts of the body [1]. Moreover, it can
manifest with a range of different severity, from asymptomatic
infection to a fatal disease. TB can be classified into two categories,
latent TB infection (LTBI) and active TB disease. LTBI is a noncontagious and asymptomatic state, whereas active TB is transmissible
(active pulmonary TB) and can be diagnosed using culture-based
or molecular methods [2]. General symptoms of active TB include
persistent cough and hemoptysis (in patients with advanced pulmonary disease), weight loss, lack of appetite, fever, and fatigue.
Nevertheless, some culture-positive patients with active disease
can be asymptomatic, which is referred to as ‘subclinical TB’ [2].
Current estimates suggest that about eight million new cases of
active TB are diagnosed throughout the world each year. The WHO
reported that, in 2014, around 9.6 million people were diagnosed
with active TB, and about 1.5 million patients died. Given the high
mortality and morbidity rates of TB, more effective vaccination
approaches are urgently needed. There are different types of TB
vaccine available worldwide [3]. The live attenuated Mycobacterium
bovis strain BCG vaccine is somewhat effective but confers a highly
variable protective efficacy. In clinical trials, some of these new TB
vaccines have shown promising results [4–6]. Here, we highlight
the structure, function, application, and concept of DNA vaccines.
Such vaccines contain a DNA plasmid that encodes a protein
derived from a pathogen that allows the expression of microbial
antigens inside the host cells that have taken up the plasmid.
These vaccines can elicit both humoral and cellular responses
[7,8]. DNA vaccines against TB can induce various immune
responses, including cytotoxic CD8+ T cell-mediated immunity
and interferon (IFN)-g responses [9]. DNA vaccines have some
benefits over other types of vaccine, including the induction of
potent major histocompatibility complex (MHC) class I-restricted
T lymphocyte (CTL) responses, facilitation of antigen presentation
through the MHC, a generic manufacturing platform, and low cost
of production. DNA vaccines are also desirable for eliciting memory responses [10]. The effectiveness of four types of DNA vaccine
has been demonstrated so far using in vivo studies, and some have
been recommended for administration in humans [10]. A few DNA
vaccines have been tested against bacterial infections and have
shown encouraging results; however, because of their safety,
simplicity, and adaptability, these vaccines could target many
more species of microorganism. Here, we discuss the application
of DNA vaccines as an effective method to combat TB.

Three generations of vaccines
There are three generations of TB vaccines available. Conventional
or the first-generation vaccines include live or attenuated microorganisms. These vaccines can activate both humoral and cellmediated immunity. The second-generation vaccines were developed after the emergence of recombinant DNA technology that
can be used to synthesize proteins of defined structures in vitro.
This generation of vaccines involves endogenous processing and
presentation by MHC class I and II of protective protein antigens,
resulting in both humoral and cell-mediated immunity [11]. These
2
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are also called subunit vaccines and contain specific protein antigens or recombinant protein components [11]. DNA vaccines are
third-generation vaccines protecting against disease via genetically engineered DNA. These vaccines are based on bacterial plasmids
with transgenes encoding antigenic proteins or peptides with the
potential to trigger immune responses against several diseases.
Similar to second-generation vaccines, DNA vaccines have the
potential to trigger both humoral and cell-mediated immunity
[12].
Despite their effectiveness, first and second-generation vaccines
suffer disadvantages, such as reversion of attenuated forms to a
pathogenic form that is still able to cause disease, significantly
lowered immunogenicity caused by the attenuation, adverse
effects, health risks, high costs, limited population coverage, weak
cell-mediated responses, the inadequacy of using needles for some
vaccinations, limited storage conditions, insufficient immunogenicity because of depleted stimulation of the innate immune
system, and lack of inherent delivery potential to suitable sites
for optimal immune stimulation, among others. These limitations
have motivated the search for new vaccine platforms, including
DNA vaccines [13].

DNA vaccines
DNA vaccines generally comprise DNA plasmids combining two
types of sequence: a region from the bacterial genomic sequence,
which is needed for replication and selection in Escherichia coli,
combined with the eukaryotic sequence region necessary for the
expression of the encoded transgene in mammalian cells [14]. The
vector-encoded antigen eventually enters the mammalian cell
nucleus, where it is transcribed to a mRNA molecule and then
to a protein, and finally, the expressed antigen is presented to the
immune system via either MHC class I or II [14]. Similar to other
types of vaccine, DNA vaccines can be delivered through different
routes, such as transmucosal (TM), intramuscular (i.m.), subcutaneous (s.c.), or intradermal (i.d.) injection [15]. Innate immunity is
also stimulated by the transfected DNA, which is crucial for the
promotion of a satisfactory immune response against the MHCpresented antigen. Therefore, these vaccines can elicit both humoral and cell-mediated immunity [16].
In a DNA vaccine plasmid, the eukaryotic sequence region
includes a polyadenylation (polyA) sequence downstream of the
target gene and an upstream promoter [16]. During transfection
into the nucleus, the promoter is responsible for transcription of
the mRNA containing the transgene. Cleavage of the mRNA and
polyadenylation is mediated by the polyA signal, leading to efficient cytoplasmic export of mRNA. A ‘Kozak consensus sequence’
(gccgccRccATGG, with the transgene ATG start codon underlined
within the Kozak sequence and critical residues capitalized, R = A
or G) is included. Ribosomes recognize this sequence to direct
efficient translation [17]. Given its high activity in most mammalian cells with higher levels of mRNA transcription, the most
common promoter used in DNA vaccines is the constitutive
human cytomegalovirus (CMV) promoter [18]. The typical polyA
signals are derived from bovine growth hormone or rabbit betaglobin genes containing polyA upstream and downstream
sequences (AATAAA), increasing polyadenylation efficiency. This
leads to higher mRNA levels and increased expression of the
transgene [17].
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[17]. For instance, studies on malaria DNA vaccines tested in mice
showed more robust T cell responses with native nucleic acid
sequences. Several investigators have indicated that more common codons do not ensure higher levels of protein expression, and
rare codons are not always a rate-limiting step [20].
DNA vaccines have some advantages over traditional vaccines.
They are naturally safe and unable to revert to a disease-causing
form, because they encode and express only the target antigen. Also,
they can be applied in ‘prime and boost’ immunization regimens
because they do not induce antivector immunity [21]. DNA vaccines
can also work with newborn infants, even if maternal neutralizing
antibodies already exist. Furthermore, compared with other vaccine
platforms, the manufacture of DNA vaccines is easier and faster and
yields highly stable products [22]. Besides other advantages, they are
well tolerated and very safe in humans; that is, they do not lead to
DNA integration into the host genome and do not produce autoimmunity or antigen tolerance. Furthermore, these vaccines have a
reduced manufacturing time and lower cost because of requiring
only single-step cloning into plasmid vectors. In addition, the
subsequent post-translational modification of the expressed antigen
by the eukaryotic promoter produces a native protein structure that
can undergo appropriate processing and immune presentation.

(a)

(b)

(c)

(d)
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FIGURE 1

The overall structure of vectors for first (a,b), second (c), and third (d) generation DNA vaccines.
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The 30 and 50 -untranslated regions (UTRs) adjacent to the transgene
should lack any open reading frames (ORFs) because ORFs in this
region are translated into peptides with immunogenic activity [16].
Usually, a selectable marker and a high-copy number replication
origin of pUC exist in the bacterial region. Vectors for first-generation
DNA vaccines take advantage of the kanamycin resistance gene (kanR)
as a selection marker [16]. The orientation of the pUC origin is
designed in such a way that the cryptic eukaryotic promoter encoded
by the pUC origin transcribes RNA antisense to the transgene, which
causes double-strand (ds)RNA production, and avoids reduced expression because of RNAi or translational inhibition by RNA-dependent
protein kinase (PKR) [14]. Second and third-generation vectors show
increased in vivo expression, and third-generation vectors have a
dramatically higher expression rate than those of second-generation
vectors [19]. Figure 1 summarizes the structures of first, second, and
third-generation DNA vaccine vectors.
For efficient expression of pathogen-derived proteins in mammalian cells, codon optimization is generally necessary because of
different codon usage between bacteria and mammalian cells.
Various algorithms are now available for codon optimization in
DNA vectors for vaccine development. Nevertheless, codon optimization sometimes has a negative effect on DNA vaccine efficacy
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There is no need to have a ‘cold chain’ during transportation because
the DNA vaccines are stable at room temperature [22]. DNA vaccination is useful in large animals, such as horses and pigs, and some
licensed products are used in fish, horses, and dogs. In contrast to
mice, it is often necessary to use more efficient plasmid delivery
systems to produce protective immune responses in larger animals
and humans. A list of the DNA vaccines based on Ag85 antigens is
reported in Table 1.

DNA vaccine delivery systems
Vaccine delivery routes are an essential parameter in vaccine
design and development. Given that DNA vaccines have low
immunogenicity, it is necessary to deliver the plasmid efficiently
to preferred tissues or cells. Similar to traditional protein vaccines,
DNA vaccines can be administered through different chemical and
physical methods, including gene gun, regular syringe injection,
microneedles, electroporation (EP), bacteria, nanoparticles (NPs),

TABLE 1

DNA vaccines based on different TB antigens
Encoded antigen

TB strain

Plasmid

Host model

Cell line

Immune response

Refs

Ag85
Ag85A

H37Rv,VR1020

Recombinant plasmid
DNA
VR1020

C57BL/6 mice

–

IFNg, IL-2

[69]

mice

–

IFN-g

[73]

pcDNA3.1
Zero Blunt1 TOPO1
and pValac vector
pcDNA3.1(+)
pmTOR-KD and pVITRO1neo-mcs
p3H8.4

C57BL/6 mice
C57BL/6 mice

HEK293 cells
CHO cells

[95]
[97]

Female C57BL/6
Female BALB/c

HeLa cells
HEK293T cells

IFN-g
IFN-g, TNF-a, and IL6
IFN-g
IFN-g, IL-2, and IL-4

BALB/c (H2d), C57BL/6
(H2b), and CB6F1 mice
L Specific pathogen-free
BALB/c female mice

93T and C1498 cell lines

IFN-g, IL-2, and TNF

[140]

LLCMK2 cells

IFN-g, IL-2 and TNF-a

[99]

Kurono strain
(ATCC25618)
–

Ag85B

Ag85A and Ag85B
Hsp family
Hsp65

ESAT-6
ESAT-6

Multiantigens
Ag85B and
MPT64
Ag85B ESAT-6,
Ag85A, and CFP10
Rv3407, Ag85A,
and HspX
ESAT6 Ag85B

CFP10 and Ag85A
ESAT-6 and
Ag85A
Ag85B and
Rv3425
HspX, PPE44, and
EsxV
cfp10-Ag85A
Ag85B-ESAT-6
fusion

4

Mtb H37Rv

[86]
[89]

Mtb H37Rv and BCG

pVAX1

MTB H37Rv and BCG
vaccine strains
B–

pcDNA3.1

male BALB/c mice

P815 (H-2d) cells

IFN-g, IL-2

[111]

pcDNA3

BALB/c female mice

IFN-g, IL-4

[107]

H37Rv

pVAX1

BALB/c mice

P815 (H-2d a lymphoma
cell line)
–

–

[108]

Mycobacterium bovis
strain 1315 and
attenuated M. bovis
BCG strain Pasteur b
H37Rv and BCG

VR1012 and pcDNA3.1

Cattle

M COS-7 cells

IFN-g

[130]

pcDNA3.1

Female BALB/c mice

–

IFN-g

[133]

C H37Rv and M. bovis
BCG
fH37Rv, BCG

pJW4303

C57BL/6 mice

–

IFN-g, IL-4

[76]

pcDNA3.1

female BALB/c mice

–

IFN-g, IL-12, IL-4 and
IL-10

[21]

pCMV.tPA

Female C57BL/6 mice

HEK293T

IFNg, TNFa and IL-2

[84]

pCMV

BALB/c

–

IFN-g

[138]

pORF-GM-CSF and pIRES
p pMS261

Female C57BL/6 mice
C57BL/6 mice

B HepG-2 cells
–

IFN-g and IL-2
IFN-g, IL-10, and TNF-

[106]
[92]

pVax

C57BL/6 mice

293T

[90]

–

pcDNA3.1(+)

–

CHO

IL-2, IL-4, IL-6, IL-10,
TNF-a, IFN-g, and IL17A
–

H37Rv
E
BCG and H37Rv

pCDNA3.1

–
H
c

HeLa

M. bovis BCG strain
Pasteur and M.
tuberculosis H37Rv
BCG, H37Rv and LAM
5186 (a clinical
isolate)
B H37Rv and BCG
M. tuberculosis
H37Rv, M. bovis BCG
China
m bovis BCG, H37Rv

pUC57 vector

J774.2

a

–
T
IL-6, IL-12, TNF-a, IL1b, and IFN-g

[141]
[96]
[142]
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and pulmonary or needle-free skin delivery [23]. Gene delivery
methods are generally divided into two groups: delivery via viral
vectors and delivery through nonviral methods. Viral vectors are
the most common delivery method in use, but because of safety
concerns accompanying this method, such as strong immunogenic reactions and toxicity, nonviral approaches have received more
attention. Viral vectors can easily infect the host cells and exploit
the cellular molecular machinery to not only express the target
genes, but also produce native-form antigens [24]. Although these
vectors use the viral infection pathway, they circumvent the
subsequent expression of viral genes, avoiding replication and
toxicity. Viral vectors are among the most efficient methods of
transferring genes into most tissues; however, they have some
crucial limitations, such as immune responses against viral vectors, the risk of transgene integration into the host genome,
possible reversion to the wild-type pathogenic virus, and eliciting
innate immune responses [25,26]. There are also some restraints in
targeting specific cell populations, and the expression of sufficient
transgenic antigens in a safe and regulated fashion [26]. Nonviral
delivery approaches include chemical (e.g., NPs), physical (e.g.,
electroporation and gene gun), and biological (e.g., bacteria)
methods [24,27]. They all have the potential to directly deliver
DNA to the host cell cytoplasm [28].
Several species of bacteria also have the potential to transfer a
vaccine plasmid into the cells of their host. Delivery systems based
on bacteria usually carry a plasmid containing the sequence of the
target gene into the host cells. The resultant endosomal vesicles are
then subjected to lysosomal lysis, which allows the release of
plasmid DNA into the cytosol of host cells. The plasmid DNA
can then transfer into the nucleus for protein synthesis in the host
cell via the transcription of the target gene sequence. Bacterial
delivery systems allow the extensive production of DNA plasmids
in the laboratory. They reduce the costs by eliminating the need
for amplification steps and purification of plasmids, and protect
the DNA sequence against nucleases in vivo. Disadvantages include
the potential risk of chromosomal integration, limited efficiency,
and possible induction of tolerance to the immunizing antigen
[29].
Chemical approaches take advantage of synthetic or natural
chemical compounds to deliver the gene of interest to the host
cells. Cationic polymers and cationic lipids are among the most
popular chemical methods, and can deliver DNA into the cytoplasm and ultimately to the nucleus of host cells. Chemical
delivery systems are generally very safe, but their transfection
efficiency is dependent on various parameters, such as cell type,
the charge ratio between cations and DNA, and the chemical
structure of the cationic compounds [30–33].
Liposomes are efficient in vivo delivery tools for DNA vaccines. These spherical vesicles are lipid bilayers with an aqueous
core. These nano-sized vesicular structures are capable of encapsulation and delivery of the DNA vaccines. Liposomes ca
comprise anionic, cationic, or neutral (phospho)lipids. However, the anionic and neutral liposomes are considered to be less
optimal for DNA vaccine delivery because of weak interactions
between the DNA and liposome. When anionic liposomes are
formed in the presence of Ca2+, a significant improvement in
their DNA transfection efficiency with minimal cytotoxic effects
is attained.

REVIEWS

Virosomes are another chemical DNA vaccine delivery tool.
These vesicular DNA delivery moieties are similar to liposomes
except for the inclusion of viral envelope proteins. The inclusion
of these proteins (e.g., influenza hemagglutinin) render virosomes
similar to native enveloped viruses and label them for fusion into
target cells. They also protect virosomes from degradation and
fusion or interaction with the cell membrane. However, the viral
envelope proteins make the virosomes more immunogenic than
liposomes. Improved immunogenicity and higher DNA delivery
rates are reported to be associated with virosomal delivery at
mucosal surfaces.
NPs are promising vehicles for safe and effective DNA delivery
(including cells of mucosal surfaces). They comprise biodegradable
polymers (e.g., protonated polyamines) with tunable size, shape,
surface, and biological behaviors. Ongoing advances in nanotechnology have resulted in novel modifications of the different
properties of NPs, which could alter their efficacy for DNA delivery
[34–36]. In HIV Tat-specific humoral and cell-mediated immunity,
NPs have already been used in prime-boost vaccination regimens.
Intracellular delivery of DNA could also be improved by cellpenetrating peptides (CPP). These peptides are small amino acid
stretches that can interact with DNA and facilitate their delivery
into cells. MPG peptide (a 27-residue chimeric peptide) is a CPP
that was recently used for in vivo delivery of plasmid DNA and
effective in vitro delivery of DNA into cells. The MPG can noncovalently bind to single-stranded (ss)-and ds-oligonucleotides
and protect them from DNase-mediated degradation.
Physical methods use physical force to render the cell membrane temporarily permeable to allow the transfer of target DNA.
Physical methods have some advantages, including high immunogenicity, high antibody production, the requirement for only
small amounts of DNA, the direct bombardment of cells with DNA,
and high efficiency. They also have some disadvantages, such as
tissue damage resulting from physical forces, and suboptimal
transfection, which can limit the application of such methods
[37].
Biojector is one device used for the physical delivery of DNA
vaccines. Using high-pressured CO2, the medication (e.g., vaccine)
is forced through a small orifice at a velocity sufficient to penetrate
the target tissue without the use of a needle. Biojector was used to
elicit adequate cell-mediated immunity (CMI) and antibody
responses compared with conventional (needle and syringe) delivery methods for vaccine delivery in preclinical models and
human clinical trials. The increase in the vaccination efficacy
using Biojector could be rooted in the increase in the uptake of
DNA in tissues of the skin and muscles.
Gene guns are another physical gene delivery device that are
used for i.d., mucosal, or direct delivery of DNA into the organs
(after surgical exposure). They use DNA-coated gold particles for
vaccine delivery through the use of high-pressure gas. Compared
with conventional i.m. and i.d. injection methods, gene guns need
significantly lower amounts of the DNA. High-pressured gold
particles are able to penetrate the cell membrane, which results
in more efficient cellular uptake of naked plasmid DNA.
Microneedles are also physical gene delivery devices comprising
a patch of microscopic needles (ranging from 25 to 2000 mm in
height). These devices are capable of penetrating the skin at a
specific and reproducible depth and are designed to cause less
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physical pain than conventional injection. DNA delivery over a
prolonged period and stable expression of the encoded antigen in
the skin are the advantages of microneedles. These devices are able
to breach the stratum corneum barrier and penetrate the viable
epidermis and dermis for DNA delivery. The microneedles approach could be designed as solid microneedles with the coating
of DNA, solid biodegradable microneedles containing DNA, and
application of a transdermal patch after microneedling.
Electroporation (EP) is a physical gene delivery method that uses
electrical pulses to form transient pores in the cell membranes and
stratum corneum to improve the in situ uptake of DNA. A significantly lower amount of required DNA (up to 100 times) and up to
100-fold higher efficiency in the induction of immune responses
compared with conventional DNA vaccination methods are
advantages of EP. Although the exact mechanism for EP efficiency
is yet to be elucidated, it has been suggested that EP-mediated cell
injury leads to the release of damage-associated molecular patterns
(DAMPs), which act as natural adjuvants and increase the uptake
of DNA.

permeability and mucociliary clearance. These problems could
be solved by applying mucoadhesive polymers, using hydrophilic
surfaces to improve permeability, and modification with ligands
suitable for targeting intestinal microfold cells (M cells) [40].
DNA vaccine delivery to gut-associated lymphoid tissue (GALT)
faces other difficulties, such as the destructive effect of nucleases,
rapid clearance, adverse effects of gastric pH, penetration of the
epithelial cell lining, inactivation by bile salts, and the physical
barrier of the mucous layer. To overcome these problems, exploiting mucoadhesive polymers and the application of enteric-stable
polymers might be promising approaches [41].
The spleen is a vital lymphoid organ, and DNA vaccine delivery
to it has to solve problems such as clearance by the reticuloendothelial system (RES), instability, opsonization, and interaction
with the diverse spectrum of blood components. This might be
possible via modifications with ligands for lymphocyte targeting,
optimization of size, improved colloidal stability, surface charge,
cross-linking, and taking advantage of the hydrophilic surface of
NPs [42]. Figure 2 summarizes these possible extracellular barriers,
along with their potential solutions.

Barriers to efficient DNA vaccine delivery

Intracellular barriers

Successful in vivo application of DNA vaccines necessitates the
overcoming of several hurdles. After introducing DNA molecules
into the body, they must pass barriers that are common to all DNA
delivery systems to transfect dendritic cells (DCs). Unfortunately,
DCs are resistant to the introduction of foreign DNA into their
nuclei, making them difficult to transfect using DNA vectors
encoding foreign antigens. DCs must process and present the
protein encoded by the exogenous DNA, express sufficient
amounts of co-stimulatory factors, and secrete immunomodulatory cytokines to stimulate native B and T cells. The hurdles affecting
DNA vaccine application can be divided into two groups: intracellular and extracellular barriers [38].

Immune cells must capture and internalize DNA vaccine carriers
that reach lymphoid tissues in the lymph nodes, skin, muscle,
MALT, and spleen. Several parameters affect the uptake of DNA
vaccine carriers by antigen-presenting cells (APCs). The receptormediated or nonreceptor-mediated endocytosis pathways are two
possible uptake pathways for these particles [43]. Receptor-mediated endocytosis is dependent on clathrin or caveolin, and receptor-specific ligands, such as transferrin, growth factors, hormones,
and lipoproteins, can trigger it. The size of the particles is a crucial
factor in nonreceptor-mediated uptake pathways, such as phagocytosis, macropinocytosis, and nonspecific endocytosis [44]. Small
particles (0.5–5 mm) can be taken up by micropinocytosis, whereas
larger particles (>5 mm) are taken up via phagocytosis. These
pathways finally end up in the acidic and nuclease-rich environment of lysosomes, which can cause significant damage to DNA
molecules [45].
Intracellular delivery of antigens encoded by DNA vaccines
faces serious challenges in many aspects. DNA vaccines internalized by APCs must pass through multiple intracellular barriers to
be expressed by transfected cells. First, carriers used for DNA
vaccine delivery must avoid the acidic environment of phagosomes. Some synthetic polymers, such as polyamidoamines, and
membrane-lytic polymers, such as poly(propyl acrylic acid), can
trigger endosomal escape [45]. Second, the release of foreign DNA
from its carrier must occur during or after transport to the
nucleus. Polymer solubilization via pH changes, degradation of
side chains or the polymer backbone by pH changes, enzymatic
degradation of polymeric carriers, and reduction of disulfide
bonds can overcome this problem [45]. Finally, it is necessary
for the DNA to enter the cell nucleus. Attachment of nuclear
localization signal (NLS) peptides can promote the nuclear entry
of DNA molecules larger than 2000 base pairs, although this
remains controversial. Given the lack of active cell division in
target cells, the most challenging hurdle for DNA vaccine delivery
is nuclear entry [45]. Figure 3 briefly summarizes intracellular
barriers limiting the delivery of DNA vaccines and shows some
strategies to overcome them [46].

Extracellular barriers
Extracellular barriers depend on the site of injection and the
lymphatic tissues that are targeted. Mucosa-associated lymphoid
tissue (MALT), spleen, and lymph nodes are the organs where B
and T lymphocytes are normally found, and are the main sites of
immune activation and response to foreign antigens [39].
Lymph nodes are the final destination for DNA vaccines administered via gene guns, microneedles, s.c. or i.d. injection, electroporation, and so on. Cells at the site of administration take up
vectors containing DNA vaccines. At the site of injection, these
cells release the expressed antigen, which can then be captured by
DCs, which then migrate to the draining lymph nodes. Carriers for
DNA vaccines can directly transfect Langerhans cells (DCs in the
epidermal layer) or can translocate directly to lymph nodes with
the possible transfection of DCs that are resident therein [39].
Retention of the delivered antigen at the injection site, which
might have poor lymphatic drainage, can inhibit the delivery of
DNA vaccines to lymph nodes. Possible solutions for this difficulty
include optimization of the parameters of the delivery vehicle,
such as size, colloidal stability, and surface charge, along with
modifications with specific molecular ligands that target APCs
[40].
When nasal-associated lymphoid tissue (NALT) and/or bronchus-associated lymphoid tissue (BALT) is targeted, DNA vaccine
delivery systems must overcome obstacles, such as poor tissue
6

www.drugdiscoverytoday.com
Please cite this article in press as: Sefidi-Heris, Y. et al. Recent progress in the design of DNA vaccines against tuberculosis, Drug Discov Today (2020), https://doi.org/10.1016/j.
drudis.2020.09.005

DRUDIS-2769; No of Pages 17
Drug Discovery Today  Volume 00, Number 00  September 2020

Reviews  KEYNOTE REVIEW

REVIEWS

Drug Discovery Today

FIGURE 2

Summary of the extracellular barriers to DNA vaccines along with their potential solutions. Abbreviations: APC, antigen-presenting cell; BALT, bronchusassociated lymphoid tissue; GALT, gut-associated lymphoid tissue; i.d., intradermal; i.m., intramuscular; i.n., intranasal; i.v., intravenous; M cell, microfold cell; NALT
nasal-associated lymphoid tissue; p.o., per oral; RES, reticuloendothelial system; s.c., subcutaneous.

Stimulation of the immune system by DNA vaccines
DNA vaccines mimic infectious agents and can induce both humoral
and cell-mediated immunity. Three mechanisms have been suggested for stimulation of the host immune system by DNA vaccines:
(i) internalization and expression of plasmid DNA by somatic cells
(such as myocytes) that are subsequently presented to CD8+ T cells
by MHC class I complex; (ii) antigens presented to T cells through
MHC class I and II after attraction of professional APCs to the
injection site; and (iii) professional APCs phagocytose the somatic
cells transfected with plasmids, inducing cross-priming and presentation of antigen to both CD8+ T and CD4+ T cells [47]. Presentation
by professional APCs (direct or indirect) is the most likely route after
i.m. injection because myocytes are unable to stimulate CD4+ helper
T cells by presenting antigen via MHC class II (Fig. 4). Plasmids can

also enhance adaptive responses against the expressed antigen by
inducing innate immune responses. Pattern recognition receptors
(PRRs) are exploited by the innate immune system to detect antigens, setting the stage for subsequent production of proinflammatory cytokines and type I IFNs. Toll-like receptors (TLRs) have a major
role as PRRs [48]. DNA sequences containing unmethylated cytosine-phosphate-guanine (CpG) motifs are recognized by TLR9 (a
cytosolic PRR) and activate signaling pathways dependent on
MyD88. In mammalian genomes, unmethylated CpG motifs (which
are usually methylated) are rare, whereas they are common in
bacteria. Therefore, incorporating CpG motifs into DNA vaccines
activates TLR9 after transfection. However, TLR9 is not absolutely
necessary for DNA vaccines to work, showing the possible role of
other cytosolic sensors in DNA vaccine immunogenicity [49].
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FIGURE 3

Different strategies to overcome the cellular and subcellular barriers to DNA vaccine delivery. Abbreviation: MHC, major histocompatibility complex.

Adjuvants for DNA vaccines
Adjuvants are materials used to increase the immunogenicity of
vaccines. The mechanisms behind adjuvant function include
acting as an antigen depot, activation of the innate immune
system, increased expression of co-stimulatory factors by immune
cells, activation of chemotaxis, and promotion of antigen uptake
and presentation by professional APCs. Alum is one of the adjuvants most widely used with DNA vaccines as well as traditional
vaccines [50]. Alum causes some degree of cell death and release of
host cell DNA, which triggers an endogenous innate immune
signal and generates an increased antibody response. However,
alum also activates Th2-type immune responses, which make it
unsuitable for DNA vaccines in which a cellular Th1 immune
response is desirable [50]. Polysaccharides are used as traditional
adjuvants for protein vaccines, and in some DNA prime-boost
protein vaccines. They significantly increase both humoral and
cellular immune responses. These adjuvants have also been successfully used as adjuvants in DNA vaccines. The third class of
traditional adjuvants involves oil emulsions, which appear to act
by activating local inflammation in combination with the formation of antigen depots in tissues. This class of adjuvants can
8

modestly improve the immunogenicity of some DNA vaccines.
Therefore, traditional adjuvants can be used to enhance the efficacy of some DNA vaccines [7].
Another class of traditional adjuvants with potential use in the
delivery of plasmid-encoded antigens are liposomal and nanoparticle adjuvants. Liposomes are spherical vesicles comprising a lipid
bilayer containing phospholipids and cholesterol. They can encapsulate or bind to plasmid DNA and increase penetration into
cell membranes, thereby facilitating DNA entry into cells. Liposomes can also protect DNA against serum or cytosolic nuclease
enzymes. Liposomes enhance both humoral and cell-mediated
immunity [51]. NPs comprising biodegradable and biocompatible
synthetic polymers, such as polylactic-co-glycolic acid (PLGA) and
polylactide-co-glycolides (PLGs), have been broadly used as adjuvants for vaccine delivery and can protect DNA against degradation and promote cellular uptake. Therefore, liposomes and
polymer-based nanoparticles are promising tools as adjuvants
for DNA vaccines [52].
Molecular adjuvants are another class of adjuvants. They are plasmid-encoded proteins that can act as adjuvants, and their function is
mediated via targeting innate immune receptors or regulating
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FIGURE 4

Schematic description of how DNA vaccines induce cellular and humoral immunity. Abbreviations: APC, antigen-presenting cell; BCR, B cell receptor; MHC, major
histocompatibility complex; TCR, T cell receptor.

molecular signaling pathways. Molecular adjuvants are categorized
into four groups: cytokines, chemokines, PRR agonists, and immune-targeting genes. Comprehensive studies on PRR-activation pathways have revealed the mechanisms of these molecular adjuvants.
Recombinant DNA technology has a major role in the development
of molecular adjuvants for nucleic acid-based vaccines [53].

Some important molecular adjuvants based on PRR agonists
include TLR ligands. TLRs are key compartments of the innate
immune system with the ability to recognize microbial-derived
conserved structures. Of 13 known TLR genes, TLR3 and TLR9
can respectively recognize dsRNA and ssDNA and, therefore, these
ligands can be used as molecular adjuvants. CpG oligonucleotides
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are another group of PRR ligands, increasing the immunogenicity
of DNA vaccines [7].
As molecular adjuvants, cytokines are small proteins secreted
from leukocytes and other cells that mediate intracellular communication. They are mediators of immune signaling and activate
both innate and adaptive immunity. Given their rapid and efficient action, plasmid-encoded cytokines can increase DNA vaccine
immunogenicity. As an additional advantage, plasmids that encode cytokines can be prepared and designed together with antigen-expressing plasmids, leading to more simplicity and lower
costs. Interleukin 2 (IL-2), IL-12, IL-15, and granulocyte-macrophage colony-stimulating factor (GM-CSF) are some cytokines that
can act as molecular adjuvants [54].
Chemokines are a family of polypeptides with related structures
that bind to G-protein-coupled receptors and regulate leukocyte
trafficking along a chemokine gradient. They assist in recruiting
APCs to the site of DNA vaccine injection, which can uptake
expressed antigens and activate T cells. Chemokines increase
the infiltration of inflammatory cells, activate DCs, and induce
a T helper type 1 (Th1) response. Some chemokines with potential
applications as molecular adjuvants are macrophage inflammatory protein (MIP)-1a, MIP-3a, MIP-3b, RANTES, IP-10, and CCR-7
[55].
Co-stimulatory factors are surface molecules on APCs that
stimulate T cell activation and, hence, can be used as molecular
adjuvants. CD28, CD40, CD80, and CD86 are co-stimulatory
molecules with the potential to be exploited as molecular adjuvants. Co-stimulatory factors have a key role in the interaction
between innate and adaptive arms of the immune system. Given
that they are usually membrane bound, their action is limited to
the site of injection and, therefore, they have a lower risk of
systemic toxicity because of excessive immune activation [56].

DNA vaccines against TB
Thus far, more than 60 mycobacterial antigens have been identified as vaccine candidates and could be applied as vaccines against
TB in preclinical models. In some studies, potent Th1 responses
were observed to be triggered in mice i.d. or i.m. immunized with
plasmid DNA encoding mycobacterial antigens that subsequently
induced high levels of IL-2 and IFN-g [57]. To have an efficient
vaccine with high degree of protection, it appears that it is better to
use a co-immunization approach with several plasmids rather than
a single vector. However, this strategy could result in a competition for antigen expression that might limit the processing efficiency. In another approach, pharmaceutical factories prefer to use
hybrid genes or multipromoter plasmid vectors. These vectors are
simpler and more cost-effective compared with the combination
of plasmids [58].
Some of the most widely studied antigens to design vaccines
against Mtb include Antigen 85A (Ag85A), antigen 85B (Ag85B),
heat shock protein 65 (Hsp65), early secretory antigenic target
(ESAT-6), and heat shock protein X (HspX) [59]. The Ag85 complex
is encoded by three distinct genes on the mycobacterial genome,
and comprises secretory proteins from BCG and Mtb. This complex
includes three related antigens: Ag85A (32 kDa), Ag85B (30 kDa),
and Ag85C (32.5 kDa). These proteins are mycolyl transferase
enzymes, which are essential for the biosynthesis of the mycobacterial cell wall, leading to TB pathogenesis. Secretory proteins, such
10
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as ESAT-6 of Mtb, are major antigens with the potential for immunization against TB [59].

Ag85 complex
The Ag85 complex has an important role in the integrity of the
mycobacterial cell wall [60]. Proteins of this complex interact with
elastin and fibronectin of the extracellular matrix [61,62]. Among
the Ag85 complex proteins, Ag85A and Ag85B are two major
protective antigens capable of eliciting strong humoral and cellmediated immune responses [63,64] and Ag85A is involved in the
growth of the bacteria in macrophages. Several studies have focused on Ag85A and Ag85B as antigens in the design of DNA
vaccines against Mtb [63,65]. In 1996, the immunogenicity of DNA
vaccines encoding Ag85 was evaluated. These constructs induced
humoral and cellular immune responses that conferred protection
against Mtb [65]. In a following study, the conferred protection was
attributed to Ag85A and Ag85B. No significant protection has been
seen for plasmid encoding Ag85C. Denis and coworkers vaccinated
BALB/c mice with an Ag85A DNA construct, which triggered a
broader epitopic repertoire of CD4+ and CD8+ T cells compared
with Mtb H37Rv infection [66]. In 2000, D’Souza and coworkers
revealed that mice lacking CD8+ T cells [b2-microglobulin genedeficient (b2m–/–)] that were vaccinated with a DNA construct
encoding Ag85A produced Th1 cytokines and specific antibodies
[67]. Tanghe and coworkers demonstrated that a DNA vaccine
encoding Ag85A was able to induce protective Th1 immune
responses [68]. In 2001, the same authors used a prime-boost
regimen of DNA constructs encoding Ag85A and Ag85B followed
by injection of their corresponding proteins. Their results indicated that this regimen increased the immunogenicity and protective
effect of DNA vaccination [69]. In 2002, D’Souza et al. used cationic
lipid formulations to improve the protective efficacy of DNA
vaccines encoding Ag85A, Ag85B, and PstS3. Their results indicated that formulation of the vaccine with Vaxfectin improved the
protective efficiency of the Ag85B-based DNA vaccines [70]. Murine Th1 T cell epitopes of Ag85 (Ag85A, Ag85B, and Ag85C) have
also been mapped. In this regard, C57BL/6 (H-2d) and BALB/c (H2b) mice were vaccinated with DNA constructs encoding Ag85
components (Ag85A, Ag85B, or Ag85C) or infected with Mtb
H37Rv [71]. In another study, the combination of DNA vaccination (encoding Ag85A) with a conventional TB chemotherapy
(isoniazid and pyrazinamide) after aerosol infection of mice with
Mtb showed higher therapeutic effect than chemotherapy alone in
a latent infection model [72]. In a study by Sugawa and colleagues,
guinea pigs were vaccinated with a DNA vaccine encoding Ag85A
using gene gun bombardment through the skin. The results verified that a protective effect could be achieved by optimizing the
dosage and boosting with peptides [73]. Enhanced protective
efficacy had been reported in mice immunized i.m. with an
Ag85A-encoding DNA construct, which was adsorbed onto cationic PLG microparticles [74]. Protective efficacy of a DNA Mtb
[75]. Mice vaccinated with a divalent DNA construct encoding
Ag85B and MPT64 showed higher protection compared with those
groups vaccinated with the BCG or any of the single DNA constructs [76].
In 2005, the impact of codon optimization on expression and
immunogenicity of a DNA vaccine encoding Ag85B was evaluated.
In this study, a DNA vaccine in which codon usage of Ag85B was
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control of bacterial growth in the spleen and lungs. The authors
concluded that their new vaccine elicited higher IFN-g responses
and tumor necrosis factor (TNF)-a and inducible nitric oxide
synthase (iNOS) levels [92]. In 2016, Liang and coworkers investigated the immunogenicity of a chimeric DNA vaccine that
encoded Ag85A [93]. They showed that, in contrast to the previous
findings reported by Meshkat et al. [94], mice administered with
Ag85A DNA vaccine did not showed a significant increase in IFN-g
and IL-12 levels but did show increased mortality. In a study by
Sun and colleagues, a superior Th1 immune response was observed
in mice vaccinated with a combination of IL-15, as a molecular
adjuvant, and an Ag85A DNA vaccine [95]. Another study suggested that a DNA vaccine encoding Ag85A could be used as a
vaccine to stimulate immune responses in animal models [96].
Moreover, Mancha-Agresti et al. used intranasal administration of
a recombinant invasive Lactococcus lactis harboring Ag85A coding
DNA construct in mice. Intranasal administration of the recombinant bacteria increased INF-g, IL-6, and TNF-a cytokines [97]. In
2018, BALB/c mice were immunized with a codon optimized DNA
vaccine encoding Ag85B, ESAT-6, and Rv2660c via electroporation. This construct triggered long-lasting T cell immunity and
conferred protection in the immunized mice [98]. In 2019, a
recombinant Sendal virus and a DNA vaccine encoding Ag85A
and Ag85B were constructed. These agents were used in heterologous prime-boost regimens (virus–DNA or DNA–virus). Higher
immunity and protection were reported for the virus–DNA
prime-boost regimen compared with a single or DNA-virus immunization [99]. A list of the DNA vaccines based on Ag85 antigens is
provided in Table 1.

Heat shock protein family
The Hsp family have been assigned as promising antigens that
could trigger a protective immune response against Mtb [100].
Among these proteins, Hsp65 is the most studied antigen. From a
structural and functional point of view, Hsp65 is similar to the
eukaryotic Hsp70 protein. The Hsp65 protein is sensitive to proteolysis by matrix metallopeptidase 9 (MMP-9), and this proteolytic cleavage produces immunogenic peptides that can stimulate
adaptive host immunity. However, the 50% amino acid sequence
similarity with its mammalian homolog raises concerns about
immune recognition of Hsp65, which could cause autoimmune
diseases, such as arthritis, diabetes, systemic lupus erythematous,
and acute anterior uveitis [101].
Hsp65 has also been used as a DNA vaccine against TB [101–
109]. A DNA vaccine encoding Hsp65 conferred protection, which
was equivalent to live BCG vaccination in mice, against TB [110].
In 2001, a study was published in which immunogenicity of Hsp65
and Hsp70 DNA vaccines were compared. This showed that the
immunogenicity of Hsp70 was lower than that of Hsp65 [102].
Another study was conducted to compare i.m. injection and gene
gun bombardment of naked DNA. Although a lower (100-fold)
amount of DNA is needed for the induction of immune response
by gene gun vaccination, it was not protective in BALB/c mice
against viable bacteria [103]. In 2008, Roseda and coworkers used
cationic liposomes to formulate a DNA vaccine encoding Hsp65 in
an entrapped or complexed form. The formulated DNA vaccine
was administrated by i.m. injection or intranasal inoculation.
Intranasal immunization with a single dose of the complexed
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optimized for expression in human cells was assessed in BALB/c
mice. This codon optimization resulted in higher immunogenicity
compared with an unoptimized construct [77]. Ag85B was introduced as a novel adjuvant in DNA vaccination, which could
activate robust Th1 immunity. The activation of the Th1 response
resulted in elicitation of effective CTL responses [78]. In a study,
chimeric DNA constructs encoding ESAT-6 and Ag85A showed
higher humoral immunity against ESAT-6 based on a prime-boost
strategy [79]. Immune response variations were observed in a
combination of DNA vaccines encoding Ag85A and PstS-3. However, DNA combinations resulted in modestly improved protection against Mtb [80].
It had been showed that the co-expression of GM-CSF with
Ag85A could enhance the immunogenicity of DNA vaccine encoding Ag85A [81]. Palma et al. reported that boosting of an Ag85BDNA vaccine with Ag85B protein eliminated this protection [82].
In 2008, this group harnessed a DNA–protein prime-boosting
strategy in which the LTK63 adjuvant was used. The LTK63 adjuvant modulates the IFN-g response and consequently improved
the protection induced by a DNA vaccine encoding Ag85B against
Mtb [83]. Mir et al. constructed a multi-cistronic DNA vaccine
encoding Ag85A in combination with other mycobacterial antigens [84]. The results showed that this vaccine could be an effective way to protect against TB. In the same year, Gao and coworkers
designed four functional T cell epitopes (including Ag85A), and
studied humoral and cellular responses triggered by this DNA
vaccine in mice [85]. Yao and coworkers investigated the elicited
immune response and efficacy of an Ag85B DNA vaccine in mice.
They concluded that the mice vaccinated with DNA co-encoding
for Ag85B and bovine herpesvirus 1 VP22 (BVP22) showed significantly higher proliferation of spleen-lymphocytes and specific
Ag85B antibody levels compared with those vaccinated with
Ag85B alone [86]. Gao et al. expressed Ag85B in a chimeric DNA
vaccine carrying additional mycobacterial antigens. They concluded that this DNA vaccine could induce enhanced specific
cell-mediated immune responses [21].
A DNA construct encoding ESAT-6 and Ag85A fusion proteins
showed booster effects in BCG-vaccinated mice. This vaccination
strategy resulted in higher immunogenicity and protectivity
against Mtb [87]. In 2012, Ahn et al. evaluated the immune
protection and responses of seven TB antigens in a mouse model
[88]. They found that, when an Ag85A vaccine was combined with
chemotherapy, a stronger Th1 cytokine response occurred against
TB. Therefore, a reduction in bacterial loading was observed compared with other antigens [88]. In 2013, a study showed that a DNA
construct harboring Ag85B and kinase defective mammalian target of rapamycin (mTOR) enhanced the Th1 immune response
against Ag85B [89].
Xu et al. compared the boosting effects of DNA, protein, and
lentiviral vectors expressing Ag85B in mice. Their results demonstrated that prime-boost DNA vaccination with a lentivirus encoding Ag85B significantly enhanced both CD8+ CTL and Th1
responses compared with protein and DNA-based vaccines [90].
A DNA construct harboring both Ag85A and CD226 genes showed
enhanced immune responses [91]. In 2014, Tan and colleagues
compared the immune response and protective effects of a recombinant BCG strain expressing Ag85A with a previous BCG primeboost vaccine regimen. The DNA-vaccinated mice showed better
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DNA vaccine formulation triggered a Th1 immune response,
which resulted in a reduced bacterial burden [104]. Changhong
et al. constructed a plasmid DNA vaccine expressing Hsp65 and
human IL-2 in 2009. Their results showed an increased Th1 cellular
response and higher levels of IFN-g and IL-2 in mice [111]. These
results suggested that DNA vaccination with Hsp65 and IL-2
increased the immunogenicity and protective effects of this
DNA vaccine against TB [111]. Meanwhile, Gao and coworkers
worked on a DNA vaccine encoding several mycobacterial antigens, including Hsp65. Their studies showed that DNA vaccination was successful in inducing enhanced specific cell-mediated
immunity, which conferred protection against TB in mice [21,85].
In another study, a Hsp65 DNA vaccine was evaluated with respect
to the induction of autoimmunity in mice. These results provided
no evidence confirming pathological autoimmunity induced by
Hsp65 DNA vaccination [112]. A prime-boost strategy was evaluated in which BCG vaccination in the neonatal period was carried
out as priming. This was followed by boosters with Hsp65 DNA
vaccine in the adult phase. Although the prime-boost strategy was
not protective against TB, it was highly immunogenic [105].
In 2013, Wang et al. constructed a DNA vaccine encoding Hsp65
and ubiquitin (UbGr). They found that, in contrast to the Hsp65alone DNA vaccine group, the UbGr-Hsp65 DNA vaccine induced a
Th1-polarized immune response, significantly improved the proliferation of spleen T cells, and produced a higher amount of IFNg. They concluded that Hsp-65-specific cell-mediated immune
response could be enhanced by UbGr fusion [107]. In another
study by Dong et al., an effective immune response was induced by
the administration of a bicistronic DNA vaccine expressing Hsp65
and ESAT-6 in mice. The authors observed higher antibody titers,
more lymphocyte proliferation, and IFN-g and IL-2 secretion
[106].
In 2014, Doimo et al. showed that a DNA vaccine encoding
Hsp65 could elicit antibodies with cross-reactivity against mammalian Hsp60. However, no pathological autoimmunity signs
were detected within the 60 days of monitoring [108]. Wu et al.
used Hsp65 as a scaffold to design a multiepitope DNA vaccine
harboring discontinuous T cell epitopes from Ag85B, ESAT-6,
PPE25, MTB10.4, and PE19 proteins of Mtb. The designed construct showed improved immunogenicity as well as protectivity
against this pathogen in mice [109].
HspX of Mtb is a 16-kDa protein encoded by Acr1 (alpha-crystalline-related protein 1) and is overexpressed during the stationary phase of Mtb growth [5,111]. HspX is one of two members of
the small HSP (sHSP) family in Mtb, the other being Acr2. Acr2 is a
heat stress-induced ribosome-associated protein (17.8 kDa). Some
mycobacteria, such as Mycobacterium smegmatis and Mycobacterium
marinarium, also express the Acr3 protein, which is a homolog of
both Acr1 and Acr2. This protein has the highest similarity to the
single sHSP found in Mycobacterium leprae [113]. Deletion of the Acr
genes from mycobacteria strains could result in normal growth in
culture and reduced ability to infect macrophages. The DosR
transcription factor controls Acr expression, whereas the histidine
sensor kinases regulate it. In some stressful conditions, such as
ethanol and S-nitrosoglutathione or hypoxia, the dosR region
induces Acr1 transcription, whereas its transcription is not induced under the effect of heat shock [113]. By contrast, heat shock
strongly regulates the expression of Acr2. Both negative (control by
12
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the hspR heat shock regulator) and positive (other sigma factors)
regulations are involved. Some sigma factors, such as H and E, are
associated with heat and oxidative stress [113]. In macrophages
that have taken up Mtb (whether or not stimulated by IFN), Acr2 is
the most upregulated protein. When Acr2 is knocked out, despite
reduced pathogenicity in mouse infection models, growth in
macrophages is not affected. Recent studies revealed that, during
the early phases of infection in humans, Acr2 is a major target of T
cell and humoral immunity, which could be important in the
design of improved vaccines [114].
The immuno-dominant HspX antigen is a cytosolic protein
with chaperone-like activity. The serodiagnostic potential of HspX
has been explored in humans. In patients with pulmonary TB, the
IgG antibodies that recognize HspX have been reported to occur
between 34% and 62% of the positive cases. The HspX and related
antigens have been used to improve commercial serodiagnostic
tests. Using a modern microarray technique, B cell epitopes of
HspX were identified as peptides [115]. The HspX protein is
involved in the thickening of the Mtb cell wall and stabilizes
the bacterial structure, allowing long-term survival in microaerophilic or anaerobic cultures. The results showed that M. smegmatis
or Mtb became less vulnerable to autolysis when the expression of
HspX antigen was artificially increased under either its own promoter or the hsp60 promoter. Moreover, slower initial growth was
observed in both cultures. HspX has two roles: encouraging adaptation to the intracellular environment during the early stages of
infection and maintaining the long-term viability during the later
stages [116]. Approximately 77% of patients with chronic TB have
detectable anti-HspX antibodies, suggesting HspX as a highly
immunogenic protein. Although in latent TB infections, high
levels of IFN-g responses were observed, individuals with dormant
TB or with active TB had a low IgG antibody titer against HspX.
Additionally, high levels of IFN-g were induced in mice [116].
Some studies in humans suggested that HspX induces high levels
of IFN. Moreover, in patients with latent TB, antibodies against
HspX antigen have been observed [117]. Dormant or latent stages
of infection are more likely to respond to vaccines against the
HspX antigen. Table 1 provides a summary of DNA vaccines based
on the Hsp family antigens. A DNA vaccine encoding Ag85B-ESAT6-HspX (a fusion protein) revealed higher immunogenicity and
protective efficacy against TB in mice [118]. Hsp70 is mostly used
as an adjuvant to improve the efficacy of DNA vaccines [119–121].

ESAT-6 and culture filtrate protein-10 (CFP-10)
Another mycobacterial antigen that is important and produced
abundantly in bacterial culture is ESAT-6 (Rv3875). This antigen,
together with culture filtrate protein CFP-10, are considered to be
the most immunogenic proteins found in culture filtrates of
mycobacteria. Given that they are secreted as a tightly bound
heterodimer, their stability depends on each other. There are
several virulence mechanisms that involve ESAT-6 and CFP-10.
These antigens are able to stimulate both innate and adaptive
immunity. Inactivation of ESAT-6 dramatically decreases the virulence of Mtb [122]. The complex of ESAT-6/CFP-10 and the CFP10 and ESAT-6 alone inhibits the production of reactive oxygen
species (ROS) and lipopolysaccharide (LPS)-mediated nuclear factor (NF)-kB activation. The complex can assist the dissemination
of Mtb within the lungs, and can lead to cell lysis by interacting
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with host proteins, such as laminin. Additionally, intracellular
persistence and intracellular survival of Mtb is the consequence of
direct ESAT-6 interaction with TLR2, which in turn reduces IL2p40 secretion inside macrophages. Nevertheless, the exact mechanism of ESAT-6 virulence is still unclear [123].
ESAT-6 and CFP-10 have been widely investigated for vaccination. In 1997, the protective efficacy of some antigens as DVA
vaccines (ESAT-6, 36 kDa Ag, Hsp10, Hsp65, and Hsp70) was
evaluated in mice. Among them, ESAT-6, Hsp65, and Hsp70 were
protective [124]. In 1999, the immunogenicity and protective
efficacy of DNA vaccines expressing the secreted proteins of Mtb
(Ag85B, MPT64, and ESAT-6) were evaluated in a murine model of
aerosolized TB [125]. All the three DNA vaccines were protective
and reduced the level of bacterial infection in the lungs of mice
challenged with viable Mtb [125]. The lowest protection was
conferred by MPT64, and the highest by Ag85B. Co-vaccination
with three DNA vaccines conferred higher protection than vaccination with single ones [125]. The effect of tissue plasminogen
activator signal sequence and ubiquitin conjugation on the efficacy of the ESAT-6 DNA vaccine has also been studied [126–128].
These fusions led to the higher immunogenicity and protectivity
of ESAT-6 DNA vaccines [126,127]. A DNA vaccine expressing a
fusion protein of ESAT-6 and Ag85A was evaluated in a primeboost strategy in which a DNA vaccine served as the priming
vaccine and an attenuated vaccine was served as a booster.
BALB/c and C57BL/6 mice were vaccinated before the aerosol
challenge. Although enhanced IFN-g immune responses were
observed in the prime-boost regimen, its protection was not superior to vaccination with attenuated bacteria alone [129]. Maue et al.
reported that enhanced protection against virulent M. bovis
resulted after co-administration of DNA vaccines encoding
CD80 and CD86 combined with ESAT-6. They showed that, after
co-administration of vaccines encoding co-stimulatory molecules
plus protective antigens, the bovine immune response to DNA
vaccination was enhanced [130]. As a note, because ESAT-6 is a
valuable diagnostic antigen, the development of the ESAT-6-free
DNA vaccine is preferred. thus, in 2005, a study was conducted to
replace this protective antigen with another one efficient in DNA
vaccines containing multiple antigens [131]. In a study, the immune responses and protective efficacy of DNA constructs encoding ESAT-6, a-crystalline, and superoxide dismutase A were
evaluated in BALB/c mice and guinea pigs. A mixed Th1/Th2
response was triggered by the DNA construct encoding ESAT-6
antigen. The highest protection was conferred by the DNA vaccine
encoding superoxide dismutase A [132]. In 2006, to improve the
immunogenicity of ESAT-6 antigen, chimeric DNA vaccines comprising Ag85A and ESAT-6 were evaluated in BALB/c mice. DNA
vaccines encoding Ag85A, ESAT-6, or chimeric DNA were injected
i.m., followed by electroporation. The mice immunized with DNA
vaccines encoding Ag85A or ESAT-6 received a booster with pure
recombinant Ag85A or ESAT-6. Mice receiving chimeric DNA
vaccines were boosted with both antigens (Ag85A and ESAT-6).
The humoral immune response was significantly elevated against
the ESAT-6 antigen in mice primed with chimeric DNA constructs
and boosted with ESAT-6 or a mixture of ESAT-6 and Ag85A
antigens [79]. In 2007, Fan et al. showed that immunization of
BALB/c mice with a combination of BCG and a DNA construct
expressing ESAT-6 elevated the protectivity of BCG against Mtb.
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The mice received vector alone, BCG, ESAT-6-encoding DNA,
vector plus BCG, or ESAT-6-encoding DNA plus BCG. Mice immunized with ESAT-6-encoding DNA plus BCG showed higher ESAT6-specific IFN-g compared with mice that received BCG alone.
Maximum reduction of bacterial burden as well as slight pathological changes in lung were reported for mice received ESAT-6encoding DNA plus BCG [133].
In 2008, studies were published in which DNA constructs
encoding fusion proteins of ESAT-6 and other antigens were
evaluated [134,135]. Liu et al. showed that a DNA vaccine expressing a fusion protein of ESAT-6, Ag85B, and MPB64 could elicit
higher immunity (in mice) compared with immunization with a
combination of DNA vaccines encoding these antigens separately.
Moreover, higher protection, equivalent to immunization with
BCG vaccine, was reported for this DNA vaccine [134]. In another
study, various multigene DNA constructs encoding different combinations of fusion proteins were evaluated. The antigens included
ESAT-6, Ag85B, MPT63, MPT64, MPT12, MPT39A, or MPT83, both
as tissue plasminogen activators (tPA) and ubiquitin-fusion. The
evaluated constructs revealed various protection levels. The
authors concluded that the activity of the tPA85B-ES6 DNA vaccine could not be increased by broadening of the antigen repertoire with other highly immunogenic secreted proteins of Mtb
[135].
In 2009, Gao et al. constructed a recombinant plasmid containing ESAT6, CFP10, Ag85A, and Ag85B as a DNA vaccine for mouse
immunization. Enhanced cellular responses occurred when the
mice were immunized with this construct [21]. In 2012, Yu et al.
used a cationic NP-based DNA construct encoding Ag85A, ESAT-6,
and IL-21 to evaluate its protectivity in mice against Mtb. This
vaccination showed a significantly higher protectivity compared
with the Ag85A-ESAT-6-IL-21 DNA vaccine alone [136]. In 2013,
Dong et al. investigated the immune responses and protective
effects of a recombinant BCG strain expressing a fusion protein,
including ESAT-6 and Ag85 [106]. Their findings showed protection against lung infection, increased IFN-g levels, improved
secretion of TNF-a, and activation of iNOS.
In another study by Feng et al., increased T cell responses and
enhanced immunogenic and protective effects were reported in
mice administered a NP-based DNA vaccine containing ESAT-6
[137]. In 2013, two DNA vaccines encoding a fusion of beta-defensin
2 with the ESAT-6 or Ag85B antigens were constructed. These
vaccines were tested in mouse models and compared with BCG
alone and in combination with the DNA vaccine. This study found
improved immune responses in the group vaccinated with the
combination of DNA vaccines and BCG [138]. Liang et al. used
two copies of the Ag85A and ESAT-6 genes to construct a chimeric
DNA vaccine [93]. The BALB/c mice infected with either of a clinical
multidrug-resistant TB isolate or with Mtb H37Rv were immunized
with this chimeric vaccine. Both groups of mice treated with this
chimeric vaccine showed increased mortality. These results were in
disagreement with previous studies where the results were either
beneficial or at least not harmful. However, it is possible that the
ESAT-6 antigen might not be a good candidate for inclusion in
therapeutic vaccines. In another study, a DNA construct, harboring
five T cell epitopes from various antigens (MTB10.4, ESAT-6, Ag85B,
PPE25, and PE19) [109] was formulated as mannosylated chitosan
NPs. Intranasal administration of the prepared vaccine induced
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robust cellular and IgA responses in lungs of vaccinated mice. This
formulated vaccine enhanced the protection against Mtb pulmonary
infection [139]. A list of the DNA vaccines based on CFP-10 and
ESAT-6 antigens is provided in Table 1

Bioinformatics and novel DNA vaccines
Reviews  KEYNOTE REVIEW

Bioinformatics and immunoinformatics are widely used in novel
DNA vaccine design and analyses [143–147]. In silico studies had
also been used in vaccine designs and analyses against TB [148–
154]. A reverse vaccinology approach was harnessed by Monterrubio-López and coworkers to reveal novel potential vaccine candidates against Mtb. They designated six novel antigens (EsxL,
PE26, PPE65, PE_PGRS49, PBP1, and Erp) to be considered as
appropriate vaccine candidates [153]. In 2003, potential T cell
epitopes of two protein families, PE-PGRS and PPE, of Mtb were
predicted by an in silico approach. In this regard, the binding
ability of nonameric peptides from PPE and PE proteins to 33
alleles of class I HLA were predicted. The peptides that could be
recognized as self or partially self-peptides in humans were determined by comparisons with the human proteome and were excluded from the final vaccine. Potential recognition of the
peptides by their corresponding HLA molecules was analyzed
via molecular modeling. The nominated epitopes could be used
in novel DNA vaccine designs [152].
Potential T cell epitopes of 52 secretory proteins in Mtb were
predicted by Vani et al. They used an approach similar to that used
by Chaitra and colleagues [151]. In 2008, a combination of in silico
analyses and data mining was used to nominate vaccine candidates
from the whole genome (3989 proteins) of Mtb. This comprehensive
study introduced 189 putative vaccine candidates, among which 45
antigens were top hits [149]. A multi-epitope DNA vaccine was
designed based on predicted epitopes of PfkB (Rv2029c), HspX
(Rv2031c), and a conserved protein (Rv2627c) [150].

Concluding remarks
DNA vaccination is a promising approach to prevent and treat TB
with a complex and multifactorial mechanism of action. However,
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the efficacy of DNA vaccines is affected by factors, such as antigen
selection, vector, formulation, and route of administration. Bioinformatics is a valuable approach that can be used to design an
effective multi-epitope DNA vaccine harboring epitopes from
various protective antigens. It appears that this is a pivotal step
in the development of an effective vaccine against TB.
DNA vaccines have a range of beneficial properties compared
with more conventional vaccine technologies. These include safety, simplicity of manufacture, low cost, stability, and improved
immunogenicity. Unlike conventional BCG-type vaccines against
TB, which must be regarded as hazardous infectious agents, there
are no killed or attenuated pathogenic agents in DNA vaccines.
Although DNA vaccines are safer and could be delivered to any
individual without fear of causing an infection, other aspects of
safety, such as inducing pathological autoimmunity, should be
considered. DNA vaccines against TB urgently require further
studies concentrating on the optimization of precise antigens or
combinations of antigens and improving immune responses and
immunogenicity. Moreover, studies should focus on the safety of
these vaccines to determine their safety for administration in
humans after further clinical trials.

Declaration of Competing Interest
The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to
influence the work reported in this paper.

Acknowledgments
The authors are grateful for financial support from the
Immunology Research Center, Tabriz University of Medical
Sciences. M-A.S. acknowledges financial support from the
Academy of Finland (grant no. 317316). M.R.H. was supported by
US N.I.H. Grants R01AI050875 and R21AI121700. H.A.S.
acknowledges financial support from the HiLIFE Research Funds
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