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Abstract

The World Health Organization (WHO) has estimated that there are about 8 million new cases 

annually of active Tuberculosis (TB). Despite its irregular effectiveness (0–89%), the Bacillus 

Calmette-Guérin) BCG is the only vaccine available worldwide for prevention of TB; thus, the 

design is important of novel and more efficient vaccination strategies. Considering that β-

defensin-2 is an antimicrobial peptide that induces dendritic cell maturation through the TLR-4 

receptor and that both ESAT-6 and Ag85B are immunodominant mycobacterial antigens and 

efficient activators of the protective immune response, we constructed two DNA vaccines by the 

fusion of the gene encoding β-defensin-2 and antigens ESAT6 (pDE) and 85B (pDA). After 

confirming efficient local antigen expression that induced high and stable Interferon gamma (IFN-

γ) production in intramuscular (i.m.) vaccinated Balb/c mice, groups of mice were vaccinated with 

DNA vaccines in a prime-boost regimen with BCG and with BCG alone, and 2 months later were 

challenged with the mild virulence reference strain H37Rv and the highly virulent clinical isolate 

LAM 5186. The level of protection was evaluated by survival, lung bacilli burdens, and extension 

of tissue damage (pneumonia). Vaccination with both DNA vaccines showed similar protection to 
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that of BCG. After the challenge with the highly virulent Mycobacterium tuberculosis strain, 

animals that were prime-boosted with BCG and then boosted with both DNA vaccines showed 

significant higher survival and less tissue damage than mice vaccinated only with BCG. These 

results suggest that improvement of BCG vaccination, such as the prime-boost DNA vaccine, 

represents a more efficient vaccination scheme against TB.
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1. Introduction

Tuberculosis (TB) is an infection that produces 8.8 million new cases of active disease 

worldwide, 1.4 million deaths annually [1], and is considered a global emergency due to the 

increased appearance of new highly virulent [2] and drug-resistant strains [3,4]. Therefore, it 

is urgent to create new vaccines and/or vaccination schemes that can generate an efficient 

prophylactic effect or that can boost protective immunity in Bacillus Calmette-Guérin 

(BCG)-vaccinated individuals.

Mycobacterium bovis BCG, a live attenuated mycobacterial strain, is the sole vaccine 

available against TB to date. It has been used for nearly 100 years and its protection is 

extremely variable, from 0–89% [5–7]. Variability in BCG efficacy is associated with 

multiple factors [8–10]. Different approaches have been proposed to generate new and more 

effective vaccines, such as Mycobacterium tuberculosis (Mtb) mutants [11,12], recombinant 

BCG, which expresses highly immunogenic antigens [13,14], subunit vaccines based on the 

majority of immunogenic Mtb antigens [15,16], and DNA vaccines [17,18]. However, 

limited success has been achieved in this matter.

Recently, we have been working on the role that some antimicrobial peptides play in the 

innate immune response and activation of the immune responses acquired in experimental 

TB. This is the specific case of β-defensin-2, an antimicrobial peptide that induces dendritic 

cell maturation in a Toll-like (TLR) receptor 4-dependent manner [19–21]. Interestingly, 

genetic construct coding sequences of β-defensin-2 generate a polarized and antigen-specific 

Th1 immune response [22–24]. This is important because multiple reports indicate that a 

Th1/CD8+ cytotoxic cellular immune response is essential for Mtb growth control [25]. 

Several Mtb antigens induce a strong Th1 response, such as the Early Secretory Antigenic 

Target-6 kDa (ESAT-6) protein, which is a potent immunogen encoded by the RD1 gene 

complex of Mtb [26] that is absent in BCG [27]. Similarly, Ag85B is a protein related with 

the mycolyl transferase secreted by Mtb and is a highly immunogenic antigen that induces a 

cytotoxic immune response [28–31]. Thus, in this work we designed DNA vaccines based 

on β-defensin-2 fused with ESAT6 or Ag85B, which actually induce a polarized Th1 

immune response, and their efficiency was evaluated in a murine model of pulmonary TB 

challenged with Mtb strains, which possess diverse virulence levels.
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2. Materials and methods

2.1. Gene cloning, fusion, and plasmid constructions

DNA constructs were made by amplification and cloning of the gene-of-interest; the gene 

for mature murine β-defensin-2 (mBD2) was cloned from mouse skin treated with LPS (10 

ng/ml) by RT-PCR from total RNA utilizing specific primers: β-defensin-2 (Defb2) F-5′-
ACCATGGAACTTGACCACTGCCACACC-3′, R-5′-
TGAATTCAAGATCTTTCATGTACTTG CAACAGGGGTTGTT, ESAT6 (esxA) F-5′-
TATCTCGAGACCACC-3′, R-5′-CACCACCATCACCATCACTAAGGATCCCGG 
GTAA-3′, Ag85B (fbpB) F-5′-ATGGATCCTATGTCGACCACATGACAGACGT 
GAGCCGAAAGATT-3′, R-5′-ATCCCGGGAAGGGTCCTTAGTGATGGTGATG 
GTGGTGGCCGGCGCCTAACGAACTCTGCA-3′, and GAPDH F-5′-
CTGGTGCTGAGTATGTCGTG-3′ R-5′-CAGTCTTCTGAGTGGCAGTG-3′. 

Amplification of the esxA and fbpB genes was performed from genomic DNA of Mtb 

H37Rv strain, isolated as reported elsewhere [32]; these sequences encode for ESAT6 or 

Ag85B antigens, respectively. The DNA constructs are based on a pCMV vector; the 

specific characteristics of the construct were reported previously by our group [23,33]. The 

following four constructs were generated: pCMV-mDF2B-esxA (pDE); pCMV-mDF2B-

fbpB (pDA); pCMV-esxA (pE); pCMV-fbpB (pA), and the empty pCMV vector that was 

used as control.

The constructs were analyzed by PCR, enzyme digestion, and sequencing in order to 

confirm insertion and open reading frame (ORF). XL10 Gold bacteria (Invitrogen, Carlsbad, 

CA, USA) were transformed with each construct and grown in LB broth base medium 

(Invitrogen). Plasmid purification was performed with the Endofree Plasmid Maxi kit as 

referred by the supplier (QIAGEN, Hilden, Germany). The plasmids were eluted in sterile 

pyrogen-free phosphate buffer (SIGMA, Steinheim, Germany).

2.2. Vaccination

All animal studies were approved by the Institutional Ethics Committee in accordance with 

the guidelines of the Mexican National Regulations on Animal Care and Experimentation 

NOM 062-ZOO-1999. BALB/c mice aged between 6 and 8 weeks of age were anesthetized 

with sevoflurane (Abbott, Quebec, Canada). Then, the respective plasmid was administered 

intramuscularly (i.m.) in the right thigh, using 100 μl of sterile PBS as vehicle. In order to 

increase the efficiency of the DNA vaccination, an electric shock was applied at the injection 

site with the CYTOPULSE pulseAgile® Model PA-3000 electroporator system, according 

to the manufacturer’s suggestions. The amount of DNA vaccine to be employed was 

determined with a dose-response curve. Best expression profile was observed at 50 μg for 

DNA vaccine alone and for co-administration, this was 25 μg DNA of each vaccine. A 

second dose of the DNA vaccine was applied 8 days after the first vaccination as a boost. In 

the case of BCG vaccination, 8 × 103 viable bacterial cells BCG substrain Phipps were 

injected subcutaneously (s.c.) in the base of the tail. This BCG substrain was the most 

protective of 10 strains tested in the BALB/c mouse model of progressive pulmonary 

tuberculosis [34]. The immunization schedule is depicted in detail in Fig. 1.
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2.3. RT-PCR for mRNA expression assessment of DNA constructs

One, 3, 8, and 14 days post-vaccination, the animals were euthanized and thigh muscles 

were immediately excised; one fragment was fixed by immersion in 10% formaldehyde 

dissolved in PBS for immunohistochemistry, and the remaining tissue fragment was 

preserved in TRIzol (Invitrogen) for gene analysis. For nucleic acid purification, tissue was 

homogenated in Ultra-Turrax® T-10 apparatus (IKA, Wilmington, NC, USA). The RNAeasy 

mini kit with DNAase (QIAGEN, Düsseldorf, Germany) was employed for RNA isolation 

according to the manufacturer’s instructions. One hundred nanograms of purified RNA was 

used for cDNA synthesis utilizing the Omniscript cDNA synthesis kit (QIAGEN) and 

submitted to PCR.

2.4. Immunohistochemistry

For immunohistochemistry, 5-μm-thick sections were deparaffinized and the endogenous 

peroxidase quenched with 0.03% H2O2. Then, the sections were blocked with PBS 

supplemented with 2% human pool serum. Muscle sections were incubated with rabbit 

polyclonal anti ESAT6 and rabbit polyclonal anti Ag85B (Abcam, Cambridge, U.K.) and 

subsequently incubated with a biotin-labeled anti rabbit IgG antibody. Bound antibodies 

were detected with avidin–biotin peroxidase (Biocare Medical, Concord, CA, USA) and 

counterstained with hematoxylin.

2.5. Immunogenicity of DNA vaccines

Groups of six BALB/c mice were vaccinated with either pDE, pDA, pE, pA, pCMV, or PBS 

and sacrificed at 14, 21, and 40 days post-vaccination. Cell suspensions from inguinal lymph 

nodes, spleen, and lungs were cultured and stimulated with mycobacterial Culture filtrate 

antigens (CFA), rESAT-6, or rAg85B, as previously reported [35]. Cultures for cytokine 

production (1 × 105 cells in 100 μl of culture medium) were performed in flat-bottom, 96-

well plates with 5 μg CFA, rESAT6, or rAg85B. After 72 h, the supernatants were collected 

and utilized for Interferon gamma (IFN-γ) quantification by means of a commercial 

Enzyme-linked immunosorbent assay (ELISA) test kit (Pharmingen, San Diego, CA, USA).

2.6. Experimental model of progressive pulmonary TB

The experimental model of progressive pulmonary TB has been previously described in 

detail [14]. Groups of vaccinated mice were challenged 60 days after the first immunization 

with M. tuberculosis strains H37Rv or with the Latin-American Mediterranean (LAM) 

clinical isolate (5186 strain), which is highly virulent in this mouse model [2,36]. Each 

animal was anesthetized with sevoflurane and was intratracheally (i.t.) instillated with 2.5 × 

105 viable bacterial cells suspended in 100 μl of sterile, pyrogen-free PBS. To determine 

vaccination effectiveness, groups of six mice in two independent experiments were 

euthanized after 30, 60, or 120 days of challenge; their lungs were employed to determine 

bacilli burdens by colony forming unit (CFU) quantification and histology/morphometry, 

thus determining the percentage of lung surface affected by pneumonia. Infected mice were 

sacrificed at different time points after Mtb infection, depending on the virulence of each 

strain. Another group of 10 mice was left untouched and mortality was recorded to construct 

survival curves.
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2.7. Determination of colony-forming units and histopathological analysis of infected lungs

The right lungs of six mice at each time point in at least two independent experiments were 

utilized for CFU quantifications. Briefly, the lungs were homogenized with a polytron 

(Kinematica, Lucerne, Switzerland) in sterile 50-ml tubes containing 3 ml of isotonic saline. 

Four dilutions of each homogenate were spread onto duplicates containing Bacto 

Middlebrook 7H10 agar plates enriched with OADC. The plates were incubated at 37°C and 

the CFU were counted at day 21.

For histopathological analysis, lungs were perfused i.t. with absolute ethanol, immersed for 

24 h, and embedded in paraffin. Five-μm-thick sections taken through the hilus were stained 

with H&E. In these slides, the area (μm2) occupied by the inflammatory infiltrate was 

determined using an image analyzer (Axiovert 200 M with Axiovision ver.4.3; Carl Zeiss, 

Jena, Germany).

2.8. Statistical analysis

Data normality was assessed through the Kolmogorov-Smirnov test. Normal distribution 

data were analyzed with one-way Analysis of variance (ANOVA) and Bonferroni’s post-test. 

For CFU nonparametric data, a Kruskal–Wallis multiple comparisons test was employed 

with Dunn’s post-test. Immunogenicity assays based in gamma interferon production data 

were analyzed with two-way ANOVA using Bonferroni’s post-test. Statistical analysis of 

Kaplan–Meier survival curves was performed using Log-rank test. P values of ≤0.05 were 

considered significant.

3. Results

3.1. DNA vaccine constructs are expressed and translated in the muscle cells of mice

In order to determine whether muscle cells were efficiently transfected by DNA vaccine 

electroporation, the expression in situ of mRNA and antigen protein were evaluated. The 

kinetics for ESAT6 or Ag85B mRNA are depicted in Fig. 2A and C, respectively. The 

expression of both constructs is stronger at day 1, exhibiting a progressive decrease until day 

14, when lowest expression was observed. Similar protein expression kinetics determined by 

immunohistochemistry is illustrated in Fig. 2B and D; both proteins were specifically 

detected in the cytoplasm of striated muscle cells located at the vaccination site.

3.2. pDA and pDE dna vaccines induce a specific Th1 immune response against 
mycobacterial antigens

Subsequently, we tested the immunogenicity of vaccine constructs. Mice were DNA-

immunized with pE, pA, pDE, pDA, and pDE + pDA constructs by assessing IFN-γ 
production from T-cells 14, 21, and 40 days after immunization, measuring cytokine levels 

in the supernatants of cell suspensions from inguinal lymph nodes, spleen, and lung after 

stimulation with rESAT6, rAg85B, or CFA. IFN-γ production from inguinal lymph node 

cells from animals vaccinated with either or both pDE and pDA DNA vaccines showed that 

there is a specific response from these cultured cells to these mycobacterial antigens. 

Significant differences are demonstrated in animals vaccinated with pCMV, pE, and pA 

compared with those vaccinated with pDE and pDA (p < 0.0001), confirming the efficient 
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role of mBD2 as an adjuvant inducing a stronger immune response. Similar levels of IFN-γ 
were detected in the different organs along the experiment, indicating that there is a 

sustained effect on the production and elicitation of this cytokine (Fig. 3A–C).

3.3. Protective effect of DNA vaccines

After confirming the immunogenicity efficiency of our DNA vaccines, pE and pA vaccines 

were not employed for further experiments because they had non-significant differences 

with the control (pCMV). Animals were vaccinated and challenged (Fig. 1) with strains of 

different virulence and genotype levels. Survival, lung bacilli burdens, and extensions of 

tissue damage (pneumonia) were analyzed at each sacrifice point.

Fig. 4 shows the survival curves: control animals that received only the empty vector and 

that were challenged with the H37Rv reference strain began to die after 2 months and 85% 

survived to the end of the experiment. Animals vaccinated with pDE exhibited similar 

responses to pCMV, while mice vaccinated with pDA or both pDE + pDA exhibited better 

survival (90%) than those of the control group. Mice vaccinated with BCG and boosted with 

both DNA vaccines showed 100% survival after 4 months of challenge and there was a 

statistical difference (p < 0.04) when these were compared with pCMV-vaccinated mice 

(Fig. 4A). Similar results were observed when mice were challenged with the highly virulent 

LAM 5186 strain; pCMV-vaccinated mice died after 30 days of i.t. infection, and similar 

survival trends were observed in mice vaccinated with pDE. The animals vaccinated with 

pDA, BCG, or both pDE + pDA died at 40 ± 5 days post-challenge. In contrast, significant 

survival was observed in animals vaccinated first with BCG and boosted with pDA and pDE, 

which demonstrated two-fold survival (80 days; p < 0.0001) compared with BCG alone.

Survival curves were consistent with lung bacilli burdens, because mice immunized with any 

vaccine type and challenged with strain H37Rv showed significantly lower bacilli loads than 

the control group at both time points, with the lowest in the prime-boosted group (Fig. 5A 

and B).

Similar results were observed in vaccinated animals challenged with the highly virulent 

LAM 5186 strain. The group of animals vaccinated with pDA + pDE showed higher, but 

non-significant, lung bacilli loads than the BCG-vaccinated group, while this latter group 

showed higher, but non-significant, bacilli burdens than the group previously vaccinated 

with BCG and boosted with both DNA vaccines (Fig. 5C).

All groups showed a considerable reduction in pneumonic area when compared with control 

mice, this more evident at day 120. Similar protection was observed between the groups 

vaccinated with both DNA vaccines and the BCG-vaccinated group, while this latter group 

showed a significant, five-fold higher pneumonic area than the group previously vaccinated 

with BCG and boosted with both DNA vaccines (Fig. 6A and B). Comparable results were 

observed in vaccinated mice challenged with the highly virulent strain (Fig. 6C). Thus, 

vaccination with both DNA vaccines and prime-boosted with BCG confers greater 

significant tissue damage protection than the BCG vaccination alone.
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4. Discussion

In this work, a new vaccination strategy was used to induce a greater protective response 

against Mtb based on the use of a DNA vaccine conformed of mBD-2 and the 

immunodominant mycobacterial antigens ESAT-6 and Ag85B. Our immunogenicity results 

based on the release of IFN-γ from antigen-specific T-cells derived from inguinal lymph 

nodes, spleen, and lung confirm this property by demonstrating that in the immediate 

vicinity of the vaccination site (inguinal lymph node), in the systemic milieu (spleen), and in 

the lung, both of the pDE or pDA constructs induced a better immune response compared 

with constructs coding for Ag85B (pA) and ESAT6 (pE) antigens alone, indicating that β-

defensin-2 increased the specific immune response when employed as an adjuvant in the 

DNA construct, similarly to data previously reported for other antigen targets, such as the 

HIV gp120 protein [22]. This effect is probably due to the more efficient maturation and 

activation of immature dendritic cells (iDC) mediated by mBD-2 in a TLR4-dependent 

manner [20]. These results are also consistent with published reports in cancer models, in 

which DNA vaccines expressing β-defensin-2 increased the immune response specifically 

against strong or poorly immunogenic neoplastic antigens in different cancer types 

[23,24,37].

It has been demonstrated in experimental models that BCG protection depends on the 

virulence of the infecting organism [38,39]. In agreement with this, both pneumonia and 

bacilli burdens determined from pDE- or pDA-vaccinated mice showed differences 

depending on the Mtb strain utilized for the challenge. These differences could probably also 

be due to differences in the expression of ESAT6 or Ag85B, considering that strains with 

higher expression of either ESAT6 or Ag85B antigens would be better recognized by 

animals vaccinated with pDE and pDA. However, more studies are needed for clarify 

concerning this issue.

When pDA and pDE were co-administrated, they showed a similar protective effect in 

animals compared with BCG-vaccinated mice, particularly when the animals were infected 

with the highly virulent 5186 strain. This is probably due to higher expression of ESAT-6 

and Ag85B by this strain and perhaps by the role of both antigens in mycobacterial virulence 

[40,41]. Moreover, several reports indicate that one participating factor in the variability of 

the BCG efficacy is probably associated with the low expression and absence of Ag85B and 

ESAT6, respectively [9,42].

Because the majority of the human population in the developing world is already BCG-

vaccinated, an attractive strategy would be to boost this existing immune response. 

Moreover, children in endemic countries where BCG vaccination is a generalized practice 

are highly sensitized due to the combination of BCG vaccination, environmental 

mycobacteria, and latent TB infection. In these settings, BCG revaccination did not increase 

protection and is generally not recommended [43]. This is in agreement with animal studies 

showing that revaccination with BCG lowers effectiveness [44] or can produce by 

Interleukin (IL)-17-mediated necrosis [45]. Thus, BCG, despite its variable effectiveness, 

can be employed as a priming agent for a booster vaccination scheme [46]. Therefore, we 

performed the co-administration of BCG plus pDE + pDA in order to complement the 
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antigenic repertoire required to generate a greater immune response. Considering the genetic 

diversity among the different BCG sub-strains that have showed diverse levels of protection, 

choice of the BCG strain utilized for vaccination is a very important issue; we used substrain 

Phipps because it was the most efficient in conferring protection among 10 different BCG 

strains in our murine model [34]. Interestingly, mice vaccinated with BCG Phipps boosted 

with both DNA vaccines and challenged with the highly virulent 5186 strain showed 

significant higher protection than mice with a single vaccination of BCG, suggesting an 

improvement of the antigenic repertoire by the mBD2 Th-1 polarizing immune response to 

ESAT6, Ag85B, plus the BCG antigens.

5. Conclusions

Our data suggest that use of DNA vaccines containing coding sequences for β-defensin-2 

induces a Th1 adaptive response against highly immunogenic antigens from Mtb, and when 

these DNA vaccines were used for booster immunization after BCG vaccination, a 

significant improvement of protection against Mtb strains was produced. This new strategy 

could greatly improve BCG vaccination efficacy against highly transmittable and virulent 

strains, such as the LAM 5186 strain, suggesting that improvement of BCG vaccination 

combined with DNA vaccines in a prime-boost scheme is a good choice for the rational 

design of a more efficient vaccine against TB.
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Fig. 1. 
Timeline of the animal vaccination, infection and sacrifice.

Groups of at least 6 animals were immunized by administration of 50 μg of DNA vaccine in 

thigh muscles. Electroporation was applied at the vaccination site. Bacillus Calmette-Guérin 

(BCG) vaccination was performed with 8 × 103 viable bacilli at day 60 prior to infection as 

shown in the time-line graph. Sixty days after immunization with DNA vaccine, vehicle, 

BCG, or a combination of any of the latter, the mice were infected with either of the two 

Mtb strains: H37Rv, and LAM 5186. Infected mice were sacrificed at different time points 

after Mtb infection, depending on the virulence of each strain. This strategy was used for all 

of the experiments. At least three independent experiments were conducted.
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Fig. 2. 
Kinetics of ESAT6 and Ag85B mRNA and protein expression in the muscle of immunized 

mice.

Two groups of six BALB/c mice per group were immunized with either pDE or pDA and 

sacrificed at 1, 3, 8, and 14 days. (A) RT-PCR for ESAT6 mRNA expression from thigh 

muscle samples extracted from vaccinated mice. GAPDH mRNA expression by RT-PCR 

was used for determination of basal expression; (B) Micrographs showing antigenic protein 

expression and immunohistochemistry for ESAT6 at 20× magnification. Positive control was 

from mice infected with H37Rv strain at a 10× magnification. Similarly, panels depict 

protein expression at 1, 3, 8, and 14 days after vaccination; (C) RT-PCR for expression of 

Ag85B mRNA extracted from the muscle of immunized mice. GAPDH mRNA expression 

by RT-PCR was utilized for determination of basal expression; (D) Ag85B antigenic protein 

expression analyzed by immunohistochemistry at 20× magnification. Positive control from 

mice infected with H37Rv at 10× magnification. Protein expression at 1, 3, 8, and 14 days 

after vaccination is illustrated. Representative results from three independent experiments 

are shown.
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Fig. 3. 
Interferon gamma (IFN-γ) quantification in culture supernatants of mononuclear cells from 

immunized mice stimulated with specific mycobacterial antigens.

Mice were immunized with pE, pA, pDE, pDA, or pCMV. Mononuclear cells extracted from 

immunized mice were cultured in 96-well plates and exposed to antigens such as culture 

filtrate antigen (CFA), rESAT6, or rAg85B proteins for 72 h. The cell supernatants were 

employed to determine IFN-γ production by ELISA. Cells were isolated from the inguinal 

lymph node at 14, 21, and 40 days post-vaccination (A, B, and C, respectively); spleen cells 

were isolated at days 14, 21, and 40 days post-vaccination (D, E, and F, respectively). The 

same procedure was performed for cells isolated from the lungs of vaccinated mice (G, H, 

and I). Each group of animals consisted of 6 mice in two independent experiments. Two-way 

ANOVA and Bonferroni’s post-test was performed in order to identify differences among 

groups; p values of <0.05 are considered statistically significant.
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Fig. 4. 
Survival rate of vaccinated animals challenged with different Mtb strains.

Several groups of animals were vaccinated with DNA constructs, controls, and BCG. The 

immunized animals were challenged with the H37Rv strain (A), and the 5186 strain (B). 

Death of animals was recorded daily. Twenty animals were included in each group in two 

independent experiments. Kaplan–Meier survival curves were performed, in addition to 

statistical analysis using the log-rank test; a p value of <0.05 was considered significant.
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Fig. 5. 
Determination of Colony-forming units (CFU) in mice immunized and challenged with two 

different Mycobacterium tuberculosis strains.

Groups of mice were immunized with DNA vaccines, BCG, and controls according to the 

schematic description in Fig. 1. Then, animals were challenged with several Mtb strains and 

CFU determination was performed in the lungs of infected animals at different time points. 

(A) Animals were challenged with the H37Rv strain and sacrificed at days 60 and (B) 120 

post-infection; (C) Mice were immunized and later challenged with the 5186 strain and 

sacrificed at 30 days post-infection. Groups of six mice per group were sacrificed at the 

specified times, and the experiments were repeated three times independently. One-way 

ANOVA with Bonferroni’s multiple comparison test was performed to establish statistical 

significance. P values of <0.05 were considered statistically significant.
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Fig. 6. 
Pneumonic area in mice immunized and challenged with Mtb strains.

Mice were immunized with pDE, pDA, or pCMV DNA vaccines, employing the vehicle as 

control. Sixty days after vaccination, the animals were infected with either the H37Rv or the 

5186 strain. Animals were then sacrificed and the left lungs were ethanol-fixated and 

paraffin-embedded. After Hematoxylin–eosin (H&E) staining, the pneumonic area was 

determined in imaging analysis software. (A) Shows pneumonic area analysis of mice 

challenged with the H37Rv strain and sacrificed at days 60 and (B) 120 post-infection; (C) 

After immunization, mice were challenged with the 5186 strain and sacrificed at 30 days 

post-infection. Each group consisted of six mice, and three experiments were conducted 

independently. One-way ANOVA with Bonferroni’s post-test was performed for assessment 

of differences. P values of p < 0.05 were considered statistically significant.
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