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Abstract: Tuberculosis (TB) is a major global health problem and has been declared “a global emergency” by the World Health
Organization.  The  failures  of  the  currently  available  vaccine  against  TB,  i.e.  Mycobacterium  bovis  BCG,  to  impart  consistent
protection against TB, have led to the need for alternative vaccines. The low molecular weight major antigenic proteins, i.e. PE35,
CFP10  and  ESAT6,  encoded  by  Mycobacterium  tuberculosis-specific  region  of  difference-1  (RD1)  are  among  the  antigens
considered important to develop new TB vaccines. To deliver these antigens, two DNA vaccine vectors (pUMVC6 and pUMVC7)
and three live mycobacterial species (M. bovis BCG, M. vaccae and M. smegmatis) were evaluated for the induction of antigen-
specific cellular immune responses in animals. DNA corresponding to pe35, esat6 and cfp10 genes were amplified using polymerase
chain reaction (PCR) from the genomic DNA of M. tuberculosis and cloned into plasmids pUMVC6 and pUMVC7 to prepare DNA
vaccine constructs. Furthermore, the PCR-amplified DNA were cloned into a shuttle plasmid (pDE22), and the recombinant shuttle
plasmids  (pDE22-PE35,  pDE22-CFP10  and  pDE22-ESAT6)  were  electroporated  into  mycobacteria.  The  induction  of  antigen
specific cellular immune responses was studied by immunizing mice and guinea-pigs with the recombinant constructs. The results
with all the recombinant constructs and both animal models showed the consistent induction of antigen-specific cellular immune
responses  (spleen  cell  proliferation  and  secretion  of  protective  T  helper  1  cytokine  interferon-γ  in  mice,  and  delayed-type
hypersensitivity skin responses in guinea-pigs) only with the recombinant constructs expressing PE35 protein. These results suggest
the superiority of PE35 antigen in inducing protective cellular immune responses in animals.
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1. INTRODUCTION

The cellular mediated immunity (CMI), primarily mediated by T cells plays a major role in the protection against
and pathogenesis of tuberculosis (TB) [1]. The CMI is dependent upon the interaction of T cells and antigen presenting
cells (mostly macrophages and dendritic cells), leading to the differentiation of T cells into various subclasses, e.g. T
helper (Th)1, Th2 and T regulatory (Treg) cells, etc., which mediate specific functions by secreting effector molecules
known  as  cytokines  [2].  Th1  cells  stimulate  delayed-type  hypersensitivity  skin  reactions  and  produce  cytokines
interleukin  (IL)-2  and  interferon-gamma  (IFN-γ),  which  mediate  cellular  proliferation  and  protection  against
intracellular  pathogens,  respectively  [3].  Th2  cells  classically  produce  cytokines  like  IL-4  and  IL-5,  which  down
regulate  Th1  responses,  and  mediate  protection  against  extracellular  pathogens  [4].  Treg  cells  secrete  IL-10  and
transforming  growth  factor  (TGF)-β,  which  are  anti-inflammatory  cytokines  and  are  involved  in  regulating  and
suppressing  Th1  and  Th2  responses,  including  inflammation  [1].

In TB, Th1 cytokines IL-2 and IFN-γ are protective, while Th2 cytokines IL-4 and IL-5 are associated with the lack
of protection [5 - 7]. The Treg cytokine IL-10 is associated with deactivation of macrophages and downregulates the
production and nullifies the effect of the protective Th1 cytokine IFN-γ [8]. In addition, the ratio of Th1:Th2 and Th1:
Treg cytokines  is  very important  in  the  protection against  TB because the  protection is  better  if  the  ratio  is  biased
towards Th1 cytokines [9, 10]. Hence, the new vaccine candidates  should preferentially induce the  protective Th1 cells

* Address correspondence to this author at the Department of Microbiology, Faculty of Medicine, Kuwait University, Kuwait, Middle East; Tel:
+965-24636505; E-mail: abusalim@hsc.edu.kw

http://benthamopen.com
http://crossmark.crossref.org/dialog/?doi=10.2174/2210289201607010153&domain=pdf
http://www.benthamopen.com/TOPROCJ/
http://dx.doi.org/10.2174/2210289201607010153
mailto:abusalim@hsc.edu.kw


154   The Open Conference Proceedings Journal, 2016, Volume 7 Abu Salim Mustafa

but not Th2 and Treg cells [11 - 13].

The availability of the complete genome sequence of M. tuberculosis and its comparison with M. bovis BCG strains,
currently used for vaccination against TB in the world, had identified several genomic regions of differences (RDs),
which are present in M. tuberculosis but deleted/absent in M. bovis BCG [14 - 17]. In particular, three low-molecular
weight  proteins  encoded  by  the  genes  present  in  RD1  locus  of  M.  tuberculosis  have  been  identified  as  the  major
inducers of Th1-type cellular immune response in humans [18 - 21]. In order to be used as vaccines against TB, these
proteins  must  be  delivered  through  appropriate  delivery  systems.  In  this  study,  PE35,  ESAT-6  and  CFP10  were
evaluated for induction of protective cellular immune responses using recombinant DNA plasmids and recombinant
mycobacteria as systems for antigen delivery.

2. MATERIALS AND METHODOLOGY

The recombinant plasmid DNA vaccine constructs (nacked plasmids) were generated by cloning PCR-amplified
genomic DNA of M. tuberculosis corresponding to the pe35, esat6 and cfp10 genes into the two mammalian expression
vectors, i.e. pUMVC6 and pUMVC7, as described previously [22]. The recombinant (r)pUMVC6 and rpUMVC7 were
propagated in Escherichia coli to obtain large quantities of plasmids for immunization purposes. The plasmids were
purified and the presence of the cloned genes in the purified recombinant plasmids were confirmed by polymerase chain
reaction (PCR) and DNA sequencing [22]. The recombined plasmids were used to immunize mice and the induction of
antigen-specific immune responses was assessed by using spleenocytes in cell proliferation assays using overlapping
synthetic peptides corresponding to each protein i.e. PE35, ESAT-6 and CFP10 (Fig. 1), the number of peptides and
their  amino  acid  sequences  are  shown  for  PE35,  according  to  standard  procedures  [23].  For  cytokine  estimations,
spleenocytes  were  re-stimulated in  vitro  with  the  peptide  pool  of  PE35 and its  individual  peptides,  and the  culture
supernatants were tested for the concentration of IFN-γ, IL-5 and IL-10 using enzyme-linked immunosorbent assays
[24].

Fig. (1). Peptide nos. (1-6) and amino acid sequences of PE35 peptides.
The overlapping regions of the neighboring peptides are marked in bold.

The recombinant plasmids capable of transforming mycobacteria were generated by PCR-amplification of pe35,
esat-6 and cfp10 genes from the genomic DNA of M. tuberculosis and cloning into shuttle plasmid pDE22 [24]. The
recombinant plasmids (pDE22-PE35, pDE22-ESAT-6 and pDE22-CFP10) were propagated in E. coli and purified to
obtain  sufficient  quantities  to  transform  mycobacteria.  The  presence  of  each  M.  tuberculosis-specific  gene  in  the
respective purified recombinant plasmids was confirmed by DNA sequencing [24].

The recombinant pDE22 plasmids were electroporated into wild-type M. bovis  BCG to generate three strains of
recombinant (r)BCG, i.e. rBCG-pDE22-PE35, rBCG-pDE22-ESAT-6 and rBCG-pDE22-CFP10 [24]. Separate groups
of mice were immunized with these strains of rBCG and, after appropriate time intervals, spleenocytes were isolated
from the immunized mice to study antigen specific cellular immune responses (cellular proliferation, and secretion of
IFN-γ, IL-5 and IL-10) [24].

The recombinant PDE22-PE35 plasmids were also electroporated into wild-type M. vaccae and M. smegmatis [25,
26]. The presence of pe35 gene in rM. vaccae and rM. smegmatis was determined by PCR using gene-specific primers,
and the expression of the protein in rM. smegmatis  was confirmed by western immunoblotting [25, 26]. Mice were
immunized  with  rM.  vaccae  and  rM.  smegmatis,  and  spleenocytes  were  isolated  to  test  for  PE35-specfic  immune
responses using cellular proliferation assays [25, 26]. Furthermore, guinea pigs were immunized with rM. smegmatis

Peptide no.  Amino acid sequence            
 

1    1-MEKMSHDPIAADIGTQVSDNALHGV-25    

2  16-QVSDNALHGVTAGSTALTSVTGLVP-40    

3  31-ALTSVTGLVPAGADEVSAQAATAFT-55    

4  46-VSAQAATAFTSEGIQLLASNASAQD-70    

5  61-LLASNASAQDQLHRAGEAVQDVART-85    

6  76-GEAVQDVARTYSQIDDGAAGVFAE -99    
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and the induction of Th1-type cellular immune responses were studied by intradermal injection of the peptide-pool and
individual peptides of PE35, followed by the measurement of the delayed type hypersensitivity (DTH) skin responses
using standard procedures [26].

3. RESULTS AND DISCUSSION

In  case  of  DNA  vaccine  constructs,  plasmids  pUMVC6  and  pUMVC7  were  used  as  the  DNA  vaccine  vectors
capable of expressing the cloned genes in mammalian cells [22]. Both of these vectors have the same cytomegalovirus
(CMV)  promoter  at  the  5′  end  of  the  cloning  site,  but  they  differ  in  the  immunostimulatory  fusion  peptide  that  is
attached to express the antigenic protein as a recombinant fusion protein. In pUMCV6, the fusion peptide is human
interleukin-2 (hIL-2) secretory protein and in pUMCV7 it is the tissue plasminogen activator (tPA) signal peptide [27].

The immunization of mice with all the rpUMCV6 and rpUMCV7, containing pe35, esat6 and cfp10 genes, led to
the induction of antigen-specific cellular immunity [23]. However, rpUMCV6 constructs induced relatively stronger
responses than rpUMCV7 [23]. The improved responses with rpUMCV6 suggests that hIL2 secretory protein acted as a
better  adjuvant  and enhanced immune responses to  the fused mycobacterial  proteins  more effectively than the tPA
signal peptide present in rpUMCV7. Hence, for efficient and appropriate antigen delivery, pUMCV6 would be a better
naked plasmid delivery system than pUMCV7.

Because of the improved cellular immune responses, rpUMCV6-PE35 was further evaluated for induction of the
protective  Th1  responses,  and  pathologic  Th2  and  T-reg  responses  by  quantification  of  IFN-γ,  IL-5  and  IL-10,
respectively.  The results  showed that  immunization of  mice with rpUMCV6-PE35 induced only Th1 responses  (as
indicated by IFN-γ secretion and lack of secretion of IL-5 and IL-10) from spleenocytes of mice in response to PE35
protein  [27].  Furthermore,  experiments  with  individual  peptides  demonstrated  that  multiple  epitopes  of  PE35 were
involved in inducing the Th1 responses (Table 1).

Table 1. Antigen-induced proliferation responses of spleenocytes obtained from mice pre-immunized with rpUMCV6-PE35
and re-stimulated with the peptide pool and individual peptides of PE35.

Peptides of PE35 used for re-stimulation of spleenocytes
Mice immunized with

pUMCV6 rpUMCV6-PE35
P/T1 P/T1

Peptide pool of PE35 0/5 5/5
Individual peptides of PE35:

1 0/5 4/5
2 0/5 0/5
3 0/5 4/5
4 0/5 4/5
5 0/5 2/5
6 0/5 0/5

1No. of mice showing positive responses / the no. of mice tested.

The currently licensed anti-TB vaccine for human use is the live Mycobacterium bovis Bacillus Calmette Guerin
(BCG), an attenuated organism produced by extensive in vitro sub-culturing of the pathogenic M. bovis on artificial
media [28]. This vaccine has been used to prevent TB since 1921, but it has failed to impact the global problem of
tuberculosis [29].  Although, immunization with BCG provides significant protection against severe forms of TB in
adults, it has failed to provide consistent protection against the pulmonary diseases in adults, which accounts for about
85% TB cases [28]. Therefore, there is a need to improve BCG, preferably by using M. tuberculosis-specific antigens
absent in M. bovis BCG [30, 31]. Hence, the genes for M. tuberculosis-specific antigens ESAT-6, CFP10 and PE35
were cloned in the shuttle plasmid pDE22, which is capable of expressing the cloned genes in mycobacteria [24], and
the  recombinant  plasmids  were  electroporated  into  BCG  to  generate  rBCGs.  The  various  strains  of  rBCGs,  thus
generated, were used to study the induction of antigen-specific Th1, Th2 and Treg responses upon immunization of
different groups of mice.

The results showed that spleen cells from all groups of mice failed to secrete Th2 cytokine IL-5 in response to the
immunizing antigens, whereas Treg cytokine IL-10 was secreted in response to the peptide pools of all three proteins
from mice immunized with the respective strains of rBCGs [24]. This suggested the expression of the cloned genes in
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rBCGs and in vivo priming of spleen cells to the expressed proteins, in immunized mice. However, in Th1-cell assays
that correlate with protective cellular immune responses, i.e., antigen induced cellular proliferation and IFN-γ secretion,
only mice immunized with rBCG-pDE22-PE35 yielded positive responses to the peptides of PE35 in both assays [24].
Furthermore,  at  least  two  and  four  epitopes  of  PE35  were  recognized  in  proliferation  and  IFN-γ  secretion  assays,
respectively  (Table  2).  In  case  of  rBCG-pDE22-CFP10  and  rBCG-pDE22-ESAT-6,  only  spleen  cells  from  mice
immunized with rBCG-pDE22-CFP10 showed positive responses to multiple epitopes of CFP10 in antigen-induced cell
proliferation assays, but the animals of both groups lacked antigen-specific secretion of the Th1 cytokine IFN-γ [24].
Because the induction of IFN-γ responses were limited to rBCG-pDE22-PE35, only the recombinant plasmid pDE22-
PE35 was considered worthy of further studies in the other two mycobacterial species, i.e. M. vaccae and M. smegmatis.

Table 2. IFN-γ concentration (pg/ml) in culture supernatants of spleenocytes obtained from mice pre-immunized with the
BCG and rBCG-pDE22-PE35 and re-stimulated with the peptide pool and individual peptides of PE35.

Peptides of PE35 used for re-stimulation of spleenocytes
Mice immunized with

BCG rBCG-pDE-PE35
Peptide pool of PE35 31 201

Individual peptides of PE35:
1 13 110
2 <5.3 61
3 21 124
4 <5.3 116
5 <5.3 124
6 <5.3 7.0

The concentration of IFN-γ > 100 pg/ml was considered significant and such values are given in bold.

M. vaccae  and  M. smegmatis  are  non-pathogenic  environmental  mycobacteria  and  have  been  employed  in  TB-
research related to the development of new TB vaccines [32 - 37]. To determine immune responses to specific antigens
cloned in M. vaccae and M. smegmatis, the rPDE22-PE35 plasmids were also electroporated into M. vaccae and M.
smegmatis to generate rM. Vaccae and rM. smegmatis, respectively. The results in mice immunized with rM. vaccae-
pDE22-PE35 and rM. smegmatis-pDE22-PE35 showed that multiple peptides of PE35 were recognized by spleenocytes
in antigen-induced proliferation assays, i.e. peptides 1, 3, 4 and 5 in mice immunized with rM. vaccae-pDE22-PE35
[25],  and peptides  1,  2,  3,  4  and 5  in  mice  immunized with  rM. smegmatis-pDE22-PE35 (Table  3).  In  guinea-pigs
immunized with rM. smegmatis-pDE22-PE35, the same peptide pool of PE35 and its individual peptides induced the
DTH skin responses (Table 3).  Thus,  like mice,  guinea-pigs also showed broader responses to multiple epitopes of
PE35. The presence of multiple epitopes in PE35 was demonstrated by HLA-DR binding prediction analysis in humans
as well (Fig. 2).

Table  3.  Antigen-induced  proliferation  of  spleenocytes  and  DTH  responses  in  mice  and  guinea-pigs,  respectively,  pre-
immunized with rM. smegmatis-pDE22-PE35 and re-stimulated with the peptide pool and individual peptides of PE35.

Peptides of PE35 used for re-stimulation of spleenocytes
Animals immunized

Mice Guinea-pigs
P/T1 P/T1

Peptide pool of PE35 Not done 4/4
Individual peptides of PE35:

1 1/5 2/4
2 1/5 3/4
3 3/5 2/4
4 2/5 3/4
5 2/5 3/4
6 0/5 0/4

1No. of animals showing positive responses / the no. of animals tested.
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Fig.  (2).  HLA-DR binding predictions for PE35 peptides to 51 HLA-DR alleles.  The sequences predicted to bind the HLA-DR
alleles are given in bold.
aNo. of HLA-DR alleles predicted to bind/total no. of HLA-DR alleles analyzed by the ProPred program [38 - 40]

To determine the pathogenesis of rM. smegmatis-pDE22-PE35 construct, experiments were carried out in guinea-
pigs by determining the clearance of rM. smegmatis from internal organs, i.e. liver, lungs and spleen. For comparison
purposes another group of guinea-pigs was injected with wild M. smegmatis. The results showed that the rM. smegmatis
was cleared from the internal organs, at least, as fast as wild-type M. smegmatis, i.e. within five days [26]. Thus, rM.
smegmatis-pDE22-PE35 did not show extended survival in the injected animals.

CONCLUSION

The results with recombinant DNA vaccine plasmids in mice and recombinant mycobacteria in mice and guinea-
pigs demonstrate that PE35 antigen consistently induced protective Th1-type immune responses in animal models of
TB. Furthermore, one of the recombinant constructs (rM. Smegmatis) tested for pathogenesis was found safe. These
results suggest that the various constructs of PE35 should be tested in animals for protection against experimental TB,
before embarking on human trials.
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