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Tuberculosis (TB), an infectious disease caused by Mycobacterium tuberculosis (Mtb),

kills 5,000 people per day globally. Rapid development and spread of various

multi drug-resistant strains of Mtb emphasize that an effective vaccine is still the

most cost-effectives and efficient way of controlling and eradicating TB. Bacillus

Calmette-Guerin (BCG), the only licensed TB vaccine, still remains the most widely

administered human vaccine, but is inefficient in protecting from pulmonary TB in adults.

The protective immunity afforded by BCG is thought to wane with time and considered

to last only through adolescent years. Heterologous boosting of BCG-primed immune

responses using a subunit vaccine represents a promising vaccination approach to

promote strong cellular responses against Mtb. In our earlier studies, we discovered

lipopeptides of ESAT-6 antigen with strong potential as a subunit vaccine candidate.

Here, we have investigated that potential as a booster to BCG vaccine in both a

pre-exposure preventive vaccine and a post-exposure therapeutic vaccine setting.

Surprisingly, our results demonstrated that boosting BCG with subunit vaccine shortly

before Mtb challenge did not improve the BCG-primed immunity, whereas the subunit

vaccine boost afterMtb challenge markedly improved the quantity and quality of effector

T cell responses and significantly reduced Mtb load in lungs, liver and spleen in mice.

These studies suggest that ESAT-6 lipopeptide-based subunit vaccine was ineffective in

overcoming the apparent immunomodulation induced by BCG vaccine inMtb uninfected

mice, but upon infection, the subunit vaccine is effective in re-educating the protective

immunity against Mtb infection. These important results have significant implications

in the design and investigation of effective vaccine strategies and immunotherapeutic

approaches for individuals who have been pre-immunized with BCG vaccine but still

get infected with Mtb.
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INTRODUCTION

Tuberculosis (TB), caused by infection with Mycobacterium
tuberculosis (Mtb), is the leading cause of death due to an
infectious disease, claiming ∼2 million lives globally each year
(1). The rise in strains of Mtb resistant to almost all of the
available TB drugs is making this deadly infectious disease
ominous. Moreover, one third of the world’s population harbors
Mtb in a latent state serving as a large reservoir. These individuals
are potentially at risk of developing active disease again and
further spreading it easily to the remaining population (2, 3).
Currently, Bacille Calmette-Guerin (BCG), which was developed
nearly 100 years ago, is the only available vaccine to prevent TB.
BCG remains the most widely administered vaccine around the
world and is effective in providing 60–80% protection against
childhood and extra-pulmonary forms of TB (4–7). But the
beneficial effect of the vaccine given to children wanes over
time. Further, BCG affords highly inconsistent and inadequate
protection against pulmonary TB and is ineffective when given
in adulthood. Because BCG has minimal effect on pulmonary
TB, it has not had major effect on the global burden of
TB (4–7). The reasons for the varying protective efficacy of
BCG are still unclear. It is thought that pre-exposure with
environment mycobacteria may prevent or mask the protective
immunity induced by BCG. Also, BCG strain(s) (have) lost
some of the genes encoding immunodominant antigens during
attenuation (8). However, considering the fact that BCG has been
administered to >3 billion infants in countries/settings with a
high incidence of TB, and this will continue in the foreseeable
future, developing a new and more efficient vaccine to replace
BCG is a formidable task (9). Therefore, improving, boosting or
supplementing BCG in different clinical settings appears to be a
more logical path for new vaccine/immunotherapy approaches
for TB.

In attempts to improve the efficacy of BCG vaccine, a phase
1 clinical trial for safety and tolerability was conducted using a
recombinant BCG that expressed a) immunodominant antigens
seen in active infection and during reactivation from latency
(Ag85A, Ag85B and Rv3407) and b) a mutant perfringolysin
(PFOG137Q) derived from Clostridium perfringens, able to
perforate the endosomal membrane (10, 11). However, for some
unknown reasons, 2 of 8 patients developed reactivation of
varicella zoster virus, resulting in the discontinuation of further
development of this vaccine (11).

Heterologous prime-boost strategies using viral-vectored
vaccines or adjuvanted protein/peptide subunit vaccines have
been a hopeful approach to TB vaccination. Several viral
vectors, such as adenovirus (human Ad5, human Ad35, Chimp
ChAdOx1), vesicular stomatitis virus (VSV), modified vaccinia
Ankara (MVA) expressing antigen 85A, a highly conserved
molecule across mycobacterial species, have been shown to
provide superior protection when administered in BCG-primed
animals compared to BCG alone (12–17). However, despite
being highly immunogenic, none of these experimental vaccines
provided satisfactory results in clinical testing yet (18).

Recombinant fusion protein-based vaccines may have
potential as a booster to BCG vaccine and may also possess a

number of advantages such as high level of safety, purity and cost-
effectiveness. However, these vaccines would require effective
and safe adjuvant to strengthen the immune responses
generated. Some of the fusion protein-based vaccines being
tested in clinical trials include H56:IC31 [a fusion protein of
three M. tuberculosis antigens (85B, ESAT-6 and Rv2660c)
formulated in the proprietary adjuvant IC31 R© from Valneva],
H4:IC31 [a recombinant fusion protein of Mtb antigens 85B
and TB10.4 combined with IC31 R© adjuvant] and M72 +

ASO1E [immunogenic fusion protein (M72) derived from two
M. tuberculosis antigens (MTB32A and MTB39A), and the
GlaxoSmithKline’s proprietary adjuvant AS01E] (19–24). The
efficacy of these experimental vaccines remains to be determined.

Early secreted antigenic target 6 kDa protein (ESAT-6) is a
potent T-cell antigen expressed in pathogenic Mtb and contains
an unusually high number of permissive T cell epitopes spanning
the entire sequence of the molecule (25, 26). ESAT-6 is an
interesting antigen associated with activeMtb infection; however,
the gene encoding ESAT-6 belongs to the RD-1 region, and
all BCG vaccine strains distributed worldwide have deleted
RD1 regions (27). ESAT-6 based subunit vaccines have shown
tremendous potential in animal models (28, 29).

We have earlier reported the lipopeptides of ESAT-6 antigen
corresponding to immunodominant epitopes as a promising
candidate for TB vaccine. We demonstrated that mucosal
immunization with lipopeptides of ESAT-6 antigen with or
without adjuvant monophosphoryl lipid A (MPL) promoted
strong mucosal and systemic immune responses, which were
effective in reducing the Mtb burden in a mouse model of Mtb
infection, supporting its efficacy as a prophylactic vaccine (30).

In the present study, we investigated the potential of
lipopeptides of ESAT-6 based subunit vaccine to boost protective
immunity induced by BCG both before (pre-exposure) and after
(post-exposure) infection. We hypothesized that lipopeptides of
ESAT-6 based subunit (LP-ESAT-6) vaccine could be potentially
used to boost BCG as a prophylactic vaccine and used as
immunotherapeutic vaccine for BCG vaccinated but still infected
individuals. Intriguingly, while the pre-exposure boost with our
LP-ESAT-6 vaccine did not lead to significant improvement in
efficacy of BCG upon infection of mice with Mtb, post-exposure
LP-ESAT-6 boost in BCG primed mice led to a significant
decrease in Mtb bacterial loads compared to the BCG vaccine
group, which was associated with increased immune responses
both locally in lungs and systemically in spleen. While these
results further expose the difficulties encountered in designing
effective strategies to boost BCG vaccine, they provide a new
paradigm to the concept of boosting BCG vaccine in efforts to
investigate novel approaches for TB vaccine.

MATERIALS AND METHODS

Mice
All animal experiments used in this study were approved by
the University of Alberta’s Animal Care and Use Committee
(ACUC) for Health Sciences and conducted in accordance with
the guidelines of the Canadian Council of Animal Care (CCAC).
Five-to six-week-old female BALB/c mice were purchased from
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Charles River Laboratories and housed in biocontainment BSL
2/3 animal facility (HSLAS) at the University of Alberta.

Synthetic Peptides, Antigen and Adjuvants
Synthetic lipopeptides derived from ESAT-6 [P1 (ESAT-61−15):
MTEQQWNFAGIEAAAK(palmitate)G; P4 (ESAT-631−55):EG
KQSLTKLAAAWGGSGSEAYQGVQK(palmitate)G; P5 (ESAT-
646−70): SGSEAYQGVQQKWDATATELNNALQK(palmitate)
G; P6 (ESAT-661−85):TATELNNALQNLARTISEAGQAMASK(
palmitate)G; P7 (ESAT-676−95):ISEAGQAMASTEGNVTGMFA
K(palmitate)G], were custom synthesized by Genscript Inc. (NJ,
United States) (30). All lipopeptides were dissolved in DMSO at
10 mg/ml, stored at −20◦C, and diluted with PBS or medium
prior to use. MPL (Sigma Aldrich) was used as adjuvant. PPD
antigen was obtained from Statens Serum Institut (Denmark).

Mycobacterium bovis BCG and Mtb H37Ra
Strains
BCG vaccine (Copenhagen) and M. tuberculosis (H37Ra)
(ATCC, Rockville, MD) were grown in Middlebrook 7H9 broth
supplemented with 10% oleic acid albumin dextrose complex
(BD), 0.05% Tween 80, and 0.5% glycerol to mid-log phase
before freezing at −80◦C. Bacterial viability was determined by
plating samples on Middlebrook 7H11 medium supplemented
with ODAC and counting the number of colony-forming units
(CFUs).

BCG Vaccination and Immunization
Schedule
For vaccination, 1 × 106 live BCG (100 µl/mouse) in PBS
was administered subcutaneously (s.c.) at the base of the tail
of each mouse. For subunit boost immunization, mice were
administered intranasally (30 µl, 15 µl in each nostril) with a
pool of lipopeptides (LP-ESAT-6, containing lipopeptide mix of
P1, P4, P5, P6, and P7, each at 12 µg/mouse, total 60 µg/mouse)
in the absence or presence of 10 µg of the adjuvant MPL.
Control mice were immunized with an equal amount of PBS. The
schedule of administration of BCG and LP-ESAT-6 are shown in
Figure 1I in both pre-exposure and post-exposure settings.

Mycobacterial Challenge of Mice and CFU
Assay
For mycobacterial infection, mice were injected with 5 × 105

CFU/mouse of Mtb H37Ra intravenously. Four weeks after
Mtb infection, mice were euthanized, and lungs, liver and
spleen were removed aseptically and individually homogenized
in 5ml of saline. A 100 µl aliquot was taken from each organ
homogenate of individual mice, serially diluted and plated on
7H11 Middlebrook agar plates (BD Biosciences). The plates were
incubated at 37◦C for 3–4 weeks prior to counting the colonies.
CFUs ofMtb obtained in the unvaccinated group from individual
mice in different experiments were in the ranges 5–6.5 × 104

(lungs); 1.8–3.5× 104 (liver) and 0.7–1.4× 104 (spleen).

Bronchoalveolar Lavage (BAL)
To harvest BAL fluid and cells, lungs were lavaged with 500 µl
of ice-cold sterile PBS [with 0.3% wt/vol bovine serum albumin

(BSA)] and two 500 µl PBS washes. Fluids were centrifuged
at 1,500 rpm for 10min, and RBC lysis was performed on cell
pellets. For RBC lysis, the cell pellet was resuspended in 500
µl of sterile distilled water and vortexed briefly. Immediately
after, 500 µl of 2X PBS was added, the tube was vortexed briefly
and the volume was made to 2ml with 1X PBS. The obtained
lymphocytes were used for staining. The supernatants of the
initial 500 µl BAL fluid were used for cytokine analyses.

Cytokine ELISA
Cytokines secreted in BAL were measured using sandwich
ELISA kits (IFN-γ, IL-17A, IL-22 and IL-10) following the
manufacturer’s protocol (eBioscience, CA, United States).
A dilution of 1:2–1:10 was used for the samples with
the standards ranging from 2 to 2,000 pg/ml. The ELISA
plates were read with an automated ELISA plate reader
(Fluostar Optima, BMG Labtech GmbH, Ortenberg,
Germany).

T Cell Proliferation Assay
Antigen-specific T cell proliferation assays were performed
using splenocytes purified by nylon wool as reported previously
by us Krishnadas et al. (31) Respective lipopeptides were
used as recall antigen at a concentration of 10µg/ml,
and purified protein derivative of Mtb (PPD) was used at
1µg/ml. Plates were incubated for 4 days, and cells were
pulsed with 0.5 µCi/well [3H]-thymidine (Amersham)
for 12–18 h and harvested on filter papers. The levels of
[3H]-thymidine incorporated into the DNA of proliferating
cells were counted in a Microbeta Trilux liquid scintillation
counter (Perkin Elmer). Stimulation indices were calculated
as CPM of antigen-stimulated culture/CPM of medium
stimulated culture. Data are represented as the mean
stimulation indices ± SD (standard deviation) of triplicate
cultures.

Flow Cytometry Analysis of Immune Cells
A total of 1 × 106 cells in BALs from immunized and challenged
mice were stained with extracellular (anti-mouse CD3e-FITC,
CD4-APC, CD8-APC-Cy-7, CD69-PECy-5) (eBioscience, CA,
United States) markers using established procedures (32). For
intracellular cytokine staining, 2× 106 splenocytes were cultured
for 4 days with medium only, peptide pools (1µg/ml of
each lipopeptide) or PPD (1µg/ml). On day 5, brefeldin
A (1.5µg/ml, 1 X; eBioscience) was added, and cultured
for 5 h at 37◦C and subsequently stained for extracellular
markers CD3-PE Cy7, CD4-PE Cy5, CD8-APC-Cy7, and
intracellular cytokines IFN-γ-PE and IL-10-FITC using our
previously reported procedures. For intracellular GrB staining,
2 x 106 splenocytes obtained from mice were stained for
extracellular markers CD3-PE Cy7, CD49b-Alexaflour 700, CD8-
APC-Cy7, and intracellular GrB-Alexaflour 647, without ex
vivo stimulation, using our previously reported procedures
(31). Samples were run on LSR Fortessa SORP flow cytometer
and analyzed using FACS-DIVA software (Becton Dickinson,
Mountain View, CA, United States). Respective isotype-matched
control antibodies were used to gate non-specific staining in each
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FIGURE 1 | Decrease in Mtb loads is dependent on schedule of the boost in heterologous prime-boost with BCG/LP-ESAT-6. (I). Experimental design of BCG priming

(s.c.) and LP-ESAT-6 boost (i.n.) using pre- and post-exposure schedules. (II). Female BALB/c mice (n = 5/group) were immunized subcutaneously with BCG (1 x 106

live BCG, 100 µl/mouse) or PBS (unvaccinated group). A mixture of P1 and P4-P7 lipopeptides (12 µg each) alone and combined with MPL was administered

intranasally as LP-ESAT-6 boost according to the schedule shown in (I), either before or after infection with H37Ra (0.5 × 106 cfu) intravenously. Four weeks after

Mtb-challenge, mice were euthanized and lungs, liver and spleens were collected from all groups. Bacterial loads were determined in lungs, liver and spleen by CFU

assay. Mycobacterial reduction in (A) pre-exposure boost and (B) post-exposure boost of immunization is presented as percent relative bacterial load with respect to

the corresponding BCG-alone group. All results are shown as mean ± standard deviation of percent relative bacterial load from individual mice. Data are representative

of two different repeated experiments. *Indicates significant difference (P < 0.05) between the compared groups and “NS” represents not significant (P > 0.05).
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experiment. Gates were set to exclude 95% of isotype control
antibody stained cells in all extracellular and intracellular staining
experiments.

Statistical Analysis
Data were analyzed using Graphpad Prism software (Graphpad
Software Inc., CA, United States). Data were presented as mean
± SD of 3-5 replicate values and significant differences between
two groups or more than two groups were analyzed using two-
way ANOVAusing Tukey’s multiple comparisons test. A P≤ 0.05
was considered to be statistically significant.

RESULTS

Scheduling of the Intranasal Boost With
LP-ESAT-6 After BCG Priming Influences
Protection Against Mtb Infection
In conventional prime-boost strategies for immunization both
priming and boosting vaccines are given in a prophylactic
manner to prevent an infection from occurring. However, besides
examining the role of LP-ESAT-6 boost to BCG vaccine in
a conventional manner, we also wanted to examine if LP-
ESAT-6 boost will be useful for Mtb infection in the settings
where one had been primed with BCG vaccine and yet became
infected with Mtb. We designed two prime-boost schedules
(Figures 1IA,B) of immunizations. In schedule A, pre-exposure
boost, mice were primed with BCG vaccine (s.c.), followed by
LP-ESAT-6±MPL boost (intranasally) at 14 days, and infection
with Mtb subsequently on day 14 after the boost. In schedule
B, post-exposure boost, mice were primed with BCG vaccine
(s.c.), followed by infection with Mtb on day 14, and boost
with LP-ESAT-6±MPL (intranasally) subsequently 14 days after
the infection. The memory responses would take 4–6 weeks
to emerge, however, we wanted to examine the effect of
primary immunization. A significant number of papers in
immunization field use 8–14 days post-immunization to evaluate
the induction of adaptive immunity. Vast literature suggests
that at 14 days after immunization, both humoral and cellular
adaptive immune responses can be measured. Further, the
effect of adjuvant (MPL) used is on innate immunity and
not expected to last for 14 days, as we had 14 days between
immunization and challenge (schedule A) or euthanization
(schedule B). This schedule allowed us to maintain a consistent
time-frame after initial BCG priming in both pre- and post-
exposure boost schedules. Mice vaccinated with BCG alone
or unvaccinated mice were used as controls. Mice in both
prime-boost schedules A and B were euthanized 28 days post
infection with Mtb. The outcomes of infection were determined
by examining viable counts of Mtb in lungs, liver and spleen,
using colony forming unit (CFU) assays. Immunization with
BCG-alone led to∼30–60% reduction in CFUs in lungs (∼30%),
liver (∼60%), and spleen (∼50%), compared to unvaccinated
controls in both sets of experiments. CFUs of Mtb obtained
in the unvaccinated group from individual mice in different
experiments were in the ranges 5.0–6.5 × 104 (lungs); 1.8–3.5
× 104 (liver) and 0.7–1.4 × 104 (spleen). To determine the

effect of LP-ESAT-6 subunit vaccine boost over BCG priming
in both schedules, we calculated % Mtb viable counts relative
to the BCG-alone group as shown in Figures 1IIA,B. Boosting
with LP-ESAT-6 subunit vaccine in pre-exposure settings did
not enhance the protection over BCG-alone based on lungs
and spleen but not liver (Figure 1IIA). In fact, the Mtb
loads were slightly higher in the LP-ESAT-6 ± MPL boosted
groups in both lungs and spleen compared to BCG-alone
group.

Intriguingly, when BCG-primed animals were boosted with
LP-ESAT-6 subunit vaccine after Mtb infection as in post-
exposure schedule, there was a remarkable reduction in
pulmonary (∼30%) and extra pulmonary bacterial loads (30–50%
in liver and spleen) when compared to BCG-alone vaccinated
mice (Figure 1IIB). Moreover, addition of adjuvant MPL to
LP-ESAT-6 subunit vaccine further enhanced the protective
efficacy of booster vaccine (Figure 1IIB). Overall, these results
demonstrate that the LP-ESAT-6 subunit boost with or without
MPL imparts superior protection over BCG when administered
after infection.

Pre- and Post-exposure Boosting With
LP-ESAT-6 Subunit Vaccine Distinctly
Influences Cytokines in Bronchoalveolar
Lavage (BAL) Fluid
The presence of cytokines in BAL fluid reflects the immune
responses ongoing in lungs, the primary site of Mtb infection.
To determine the pulmonary immune responses underlying the
enhanced protection observed with post-exposure LP-ESAT-6
boost, we next analyzed the concentrations of IFN-γ, IL-17A,
IL-22, and IL-10 in BAL fluids of vaccinated and Mtb-infected
mice. BALs of unvaccinated animals exhibited very low levels of
IFN-γ, IL-17A, and IL-22 but high levels of IL-10 (Figures 2A,B).
Vaccination with BCG alone led to increased levels of IFN-
γ, IL-17A, and IL-22 and a decrease in IL-10 compared to
the unvaccinated group. However, interesting changes in BAL
cytokines were observed upon the LP-ESAT-6 boost. Correlating
to Mtb loads, when BCG primed mice were boosted with LP-
ESAT-6 subunit vaccine after infection with Mtb, there were
higher levels of IFN-γ, IL-17A, and IL-22 and lower levels of
IL-10 compared to BCG-vaccinated mice, demonstrating the
increase in protective immunity (Figure 2B). In contrast, our
results showed significant decreases in the levels of IFN-γ and IL-
10, and increase in IL-17A levels in the BAL fluid of BCG-primed
mice boosted with LP-ESAT-6 vaccine before Mtb challenge,
compared to BCG alone vaccinated animals (Figure 2A). No
significant difference in IL-22 levels was found between BCG
alone vaccinated and pre-exposure boosted groups. Addition of
adjuvant MPL either enhanced or had no effect on cytokines
induced in BALs by boosting with LP-ESAT-6 subunit vaccine
(Figure 2).

Boosting With LP-ESAT-6 Subunit Vaccine
Enhances the Infiltration of T Cells in BALs
T cells infiltrating airways have been shown to be critical for
improved protection after mucosal vaccination. Thus, we next
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FIGURE 2 | Schedule of boosting with LP-ESAT-6 subunit vaccine in BCG-primed mice leads to differential induction of cytokines in bronchoalveolar lavage fluids.

Female BALB/c mice (n = 5/group) were immunized according to the pre-exposure or post-exposure schedule shown in Figure 1. Four weeks after infection, mice

were euthanized and lung lavages were collected from (A) pre-exposure boost and (B) post-exposure boost groups to determine IFN-γ, IL-17A, IL-22 and IL-10 by

ELISA. Mean ± standard deviation of cytokine concentrations from five individual mice are shown. *Indicates significant difference (P < 0.05) between the compared

groups and “NS” represents not significant (P > 0.05). Data are representative of two different repeated experiments.

sought to determine T cell infiltration in BALs to see how
pre- and post-exposure LP-ESAT-6 subunit boost might modify
the BCG-primed T cell responses in mouse lungs. Due to the
presence of multiple T cell epitopes in both BCG as well as
LP-ESAT-6 subunit vaccine, we chose to examine gross changes

in total T cell population, instead of peptide epitope-specific
T cells. The results obtained demonstrated that the frequency
of infiltrating CD4+ T cells was higher in LP-ESAT-6 subunit
boosted mice compared to BCG-alone groups, regardless of
the time of boost (Figures 3IA,B). In contrast, frequencies of

Frontiers in Immunology | www.frontiersin.org 6 October 2018 | Volume 9 | Article 2371

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Gupta et al. Strategy for Boosting BCG Vaccine

CD8+ and CD4−CD8− T cells (double negative T cells, DN
T cells) were significantly enhanced in the post-exposure boost
group compared to BCG-alone and pre-exposure boost groups
(Figures 3II,IIIA,B). Strikingly, a significantly higher frequency
of CD8+ T cell subsets that expressed activation marker CD69
(CD8+CD69+) was found in the post-exposure boost group
compared to BCG-alone (Figures 3IIA,B). The frequencies of
CD4+ and CD4−CD8− T cells expressing CD69 were found to be
comparable in both LP-ESAT-6 pre-and post-exposure subunit
boosts (Figures 3I,IIIA,B). Inclusion of MPL in LP-ESAT-6
subunit vaccine led to an overall increase in the infiltration
of T cells in BAL irrespective of the schedule of the boost
(Figure 3). Overall, these data suggest that boosting BCG-primed
responses with LP-ESAT-6 subunit vaccine results in an enhanced
infiltration of activated CD4+, CD8+, and CD4−CD8− T cells
in BALs, with selectively increased infiltration of activated CD8+

T cells in the post-exposure boost schedule. This could at
least partially account for the enhanced protection over BCG-
alone.

Schedule of Boost With LP-ESAT-6 Subunit
Vaccine Distinguishes the Proliferative
Response of Splenocytes Upon ex vivo

Stimulation With the Respective Antigen
Next, we sought to determine whether intranasal boosting
with LP-ESAT-6 subunit vaccine at different schedules i.e.,
pre- and post-exposure, distinguishes the systemic T cell
responses induced against the boosting antigen. We performed
a bulk T cell proliferation assay using splenocytes obtained
from different experimental groups after ex vivo stimulation
with purified protein derivative (PPD) of Mtb or individual
lipopeptides of the LP-ESAT-6 subunit vaccine and results
are expressed as stimulation indices, obtained by dividing
the counts per minute of antigen-stimulated culture with
that of the corresponding medium-solvent control culture
(Figure 4). Our results demonstrated that the unvaccinated
group showed some proliferation in response to PPD antigen
due to intrinsic T cell priming upon infection with Mtb in the
mice. BCG vaccination led to a significant increase in PPD-
specific proliferation. Interestingly, however, boosting with LP-
ESAT-6 subunit vaccine in the presence or absence of adjuvant
MPL did not lead to a significant difference in PPD-specific
proliferation, which was also not affected by the schedule of
boosting (Figures 4IA,B). In contrast, responses to ex vivo
stimulation with individual lipopeptide components of the
LP-ESAT-6 subunit vaccine were remarkable (Figures 4IIA,B).
While there was a significant T cell proliferative response
against ESAT-6 lipopeptides in splenocytes from mice which
were given a boost before infection compared to the BCG-
vaccinated or unvaccinated group, the proliferative response
was dramatically increased in mice given the post-exposure
boost with LP-ESAT-6 subunit vaccine (Figure 4II). Further, the
addition of adjuvant MPL did not result in an enhancement of
antigen-specific proliferation in the pre-exposure boost group,
but resulted in a stronger enhancement in T cell proliferation
in the post-exposure boost group, compared to the respective

LP-ESAT-6 subunit group (Figure 4II). These results suggest that
immunization with BCG possibly leads to modulation of T cells
that compromises response to the subunit vaccine, whereas if the
boost is given after Mtb infection, it is able to re-educate the
immune system and lead to prolific subunit vaccine-induced T
cell responses culminating in improved efficacy by reducing the
Mtb burden.

Schedule of the Boost With LP-ESAT-6
Subunit Vaccine Dictates the Quality of
Systemic CD4+ and CD8+ T Cell
Responses
The functional quality of T cell responses induced with a
subunit vaccine boost would determine their protective efficacy
and ability to boost BCG-primed responses. We observed
that a post-exposure boost with LP-ESAT-6 subunit vaccine
provided higher reduction in Mtb viable counts, higher IFN-
γ levels in the BALs and higher proliferation of splenocytes
in antigen-dependent manner compared to BCG vaccination
only and pre-exposure boost (Figures 1, 2, 4). We then sought
to examine the functional attributes of CD4+ and CD8+ T
cells in splenocytes stimulated ex vivo with PPD or LP mix as
recall antigens (Figure 5). Bulk splenocyte cultures incubated
with medium, PPD or LP mix for 4 days were used to
determine intracellular cytokine production in CD4+ and CD8+

T cells by flow cytometry. The data are expressed as % of
medium control culture in the corresponding experimental
groups, to determine the antigen specificity/dependency of
the induced cytokine responses. Among the CD4+ T cells,
IFN-γ induced in response to ex vivo stimulation with PPD
was increased in the BCG-immunized group compared to the
unvaccinated group, but was unaffected in the groups with
an LP-ESAT-6 boost both in pre- and post-exposure groups
(Figures 5IA,B). In contrast, there was a significant increase in
IFN-γ-producing CD4+ T cells in the LP-ESAT-6 post-exposure
groups, both compared to pre-exposure, unvaccinated and BCG
only vaccinated groups (Figures 5IA,B). Interestingly, in PPD
recall groups an increase in IL-10-producing CD4+ T cells
was observed upon BCG vaccination, which was maintained
upon boosting with LP-ESAT-6 in both schedule. In contrast,
however, ex vivo stimulation of splenocytes with LP mix did
not lead to a significant increase in IL-10-producing CD4+

T cells in unvaccinated, BCG-alone and LP-ESAT-6±MPL
groups, suggesting that boosting with the LP-ESAT-6 subunit
did not lead to CD4+ T cells producing high levels of IL-
10 (Figures 5IA,B). Examination of cytokines produced in
CD8+ T cells demonstrated an entirely different but interesting
pattern (Figures 5IIA,B). While in response to PPD there was
induction of IFN-γ and IL-10-producing CD8+T cells after BCG
vaccination, they were similar in LP-ESAT-6-boosted groups
irrespective of the schedule of boosting. In contrast, in response
to ex vivo stimulation with ESAT-6 LP mix, only in the post-
exposure group there was a significantly higher % of IFN-γ
as well as IL-10 producing CD8+ T cells, which were further
enhanced in the groups that received MPL in addition to LP-
ESAT-6 vaccine (Figures 5IIA,B). There seemed to be almost a
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FIGURE 3 | Boosting with LP-ESAT-6 subunit vaccine in BCG-primed mice leads to enhanced recruitment of immune cells in bronchoalveolar lavage fluids. Female

BALB/c mice (n = 5/group) were immunized according to the pre-exposure or post-exposure schedule shown in Figure 1. Four weeks after infection, mice were

euthanized and lung lavages were collected from (A) pre-exposure boost and (B) post-exposure boost groups to examine the presence and activation (CD69+) of

CD3+CD4+ (I), CD3+CD8+ (II) and CD3+CD4−CD8− (DN) T cells (III) by flow cytometry. The gating strategy shown above the bar graphs in (I) was used to detect

the different subsets of T cell based on the expression of CD3, CD4, CD8 and CD69 markers by flow cytometry analysis. Mean ± standard deviations of percent

positive cells from five individual mice are shown. *Indicates significant difference (*P < 0.05) between the compared groups and “NS” represents not significant

(P > 0.05). Data are representative of two different repeated experiments.
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FIGURE 4 | Proliferative responses of splenocytes upon ex vivo stimulation with PPD or individual lipopeptide components of LP-ESAT-6 subunit vaccine. Female

BALB/c mice (n = 5/group) were immunized according to the pre-exposure or post-exposure schedule shown in Figure 1. Four weeks after infection, mice were

euthanized and spleens were collected from (A) pre-exposure boost and (B) post-exposure boost groups to examine the antigen-specific proliferation of T cells.

Briefly, T cells obtained from splenocytes (pooled from 5 mice of a group) were cultured with irradiated APCs (splenocytes from unimmunized mice) and with medium,

PPD (1µg/ml) (Panel I) or respective lipopeptides P1 and P4-P7 at 10µg/ml concentration (Panel II) for 4 days. T cell proliferation was measured by [3H] thymidine

incorporation. Stimulation indices were calculated as CPM of the antigen-containing cultures/CPM of medium control group. Mean ± standard deviation of stimulation

indices from triplicate wells are shown. *denotes significant difference (P < 0.05) between the compared groups and “NS” represents not significant (P > 0.05).

complete lack of induction of antigen-specific/dependent IFN-γ
and IL-10-producing CD8+ T cells in pre-exposure boost groups,
which received LP-ESAT-6 subunit vaccine with or without MPL.
These data indicate that there is a significant difference in the
induction of effector CD8+ T cells depending on the timing of
the subunit vaccine given pre- or post-exposure. It is not clear

whether this difference is due to immunomodulation induced by
BCG vaccine, which cannot be overcome by a subunit vaccine
as such. But upon infection, the subunit vaccine is either able
to amplify the primary response induced by infection or the
immunomodulation induced by BCG vaccine is overcome by the
productive infection.
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FIGURE 5 | Continued

Boosting With LP-ESAT-6 Subunit Vaccine
Enhances Granzyme B (GrB)-Producing
Effector Lymphocytes Including NK, NKT
and CD8+ T Cells
For an intracellular pathogen likeMtb, besides effector cytokines,
cytotoxic mechanisms are important to rid the infected host

cells of bacteria, and Granzyme B (GrB) is a marker of
functional effector cytotoxic cells. NK, NKT and CD8+ T cells
are prominent cytotoxic lymphocytes and mediate killing of
infected cells through the secretion of GrB. NK and NKT
cells have been classically considered as innate immune cells
but have recently been also shown to be stimulated upon
antigen-based vaccinations and have memory responses like
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FIGURE 5 | Intracellular IFN-γ and IL-10 are differentially expressed in antigen-specific CD4+ (I) and CD8+ (II) T cells in BCG-primed mice boosted with LP-ESAT-6

subunit vaccine in pre-exposure or post-exposure schedule. Female BALB/c mice (n = 5/group) were immunized according to the pre-exposure or post-exposure

schedule shown in Figure 1. Four weeks after infection, mice were euthanized and spleens were collected from (A) pre-exposure boost and (B) post-exposure boost

groups. Spleen cells obtained from 5 mice immunized with lipopeptide P1 and P4-P7 were cultured for 4 days with or without PPD (1µg/ml) or lipopeptide mix (each

of P1 and P4-P7 at 1µg/ml), cultured with Brefeldin A (1.5µg/ml) 1X; eBioscience) for 5 h, and labeled with antibodies against CD3, CD4 and CD8 for extracellular

staining along with intracellular IFN-γ and IL-10. The cells were gated for CD3+CD4+ and CD3+CD8+, which were subsequently analyzed for IFN-γ or IL-10

expression as shown in the gating strategy shown above the bar graphs in each panel. Data are shown as the percentage of IFN-γ+ or IL-10+ of CD4+ (I) and CD8+

T cells (II) upon stimulation with PPD or lipopeptide mix normalized to medium control in each of the experimental groups: unvaccinated, BCG alone, BCG

prime/LP-ESAT-6 boost and BCG prime/LP-ESAT-6+MPL boost in (A) pre-exposure and (B) post-exposure schedules. Mean ± standard deviation from triplicate

cultures from spleen cells pooled from five individual mice are shown at the bottom. *denotes significant difference (P < 0.05) between the compared groups and “NS”

represents not significant (P > 0.05). Data are representative of two repeated experiments.

Frontiers in Immunology | www.frontiersin.org 11 October 2018 | Volume 9 | Article 2371

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Gupta et al. Strategy for Boosting BCG Vaccine

FIGURE 6 | Induction of granzyme B (GrB)-producing effector lymphocytes including NK and NKT and CD8+ T cells in BCG-primed mice boosted with LP-ESAT-6

subunit vaccine in the pre-exposure or post-exposure schedule. Female BALB/c mice (n = 5/group) were immunized according to the pre-exposure or post-exposure

schedule shown in Figure 1. Four weeks after infection, mice were euthanized and spleens were collected from (A) pre-exposure boost and (B) post-exposure boost

groups. Spleen cells obtained from individual mice were cultured for 5 h with Brefeldin A (1.5µg/ml) 1X; eBioscience), and labeled with antibodies against CD3, CD8

and CD49b for extracellular staining along with intracellular GrB. The cells were gated for CD3+CD8+, CD3−CDCD49b+ (NK) and CD3+CDCD49b+ (NKT) cells,

which were subsequently analyzed for GrB expression as shown in the gating strategy above the bar graphs in each panel. Data are shown as the percentage of

GrB+ of CD3+CD8+, CD3−CDCD49b+ and CD3+CDCD49b+ cells from each of the experimental groups: unvaccinated, BCG alone, BCG prime/LP-ESAT-6 boost

and BCG prime/LP-ESAT-6+MPL boost in (A) pre-exposure and (B) post-exposure schedules. Histograms of GrB+ cells are shown in the top panel and bar graphs

representing mean ± standard deviations from five individual mice are shown in the bottom panel in each of the schedules (A,B). *denotes significant difference

(P < 0.05) between the compared groups and “NS” represents not significant (P > 0.05). Data are representative of two repeated experiments.
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adaptive T cells (33). To examine the effect of LP-ESAT-6 subunit
vaccine boost on effector cytotoxic lymphocytes, splenocytes
obtained from mice were examined for GrB expression in
NK, NKT and CD8+ T cells without ex vivo re-stimulation
(Figures 6A,B). Intriguingly, the percent of CD8+T cells
expressing GrB increased in the order: unvaccinated<BCG
alone<LP-ESAT-6 boost<LP-ESAT-6+MPL boost in the
post-exposure schedule, whereas in the pre-exposure schedule,
boosting with LP-ESAT-6±MPL led to a decrease compared
to the BCG group (Figures 6A,B). GrB expression in both
NK (CD3−CD49b+) and NKT cells (CD3+CD49b+)
showed a trend as unvaccinated<BCG alone<LP-ESAT-6
boost<LP-ESAT-6+MPL in both pre- and post-exposure
groups (Figures 6A,B). These experiments indicate that boost
with LP-ESAT-6 subunit vaccine leads to overall increase in
GrB-expressing effector cytotoxic cells compared to BCG alone.

DISCUSSION

There is clearly an urgent unmet need to investigate
new vaccine/immunotherapy approaches for tuberculosis.
Heterologous prime-boost vaccination appears to be a promising
strategy in the investigation of new vaccine approaches.
However, despite an increased focus in the last two decades,
clinical progress in heterologous prime-boost strategies has
been limited due to insufficient understanding of the protective
immune response required, target antigen and its delivery,
and route and schedule of boosting. While viral vector derived
boosting vaccines have been investigated, there has been limited
clinical success and concerns of serious side effects (12–18).
A number of fusion protein-based subunit vaccines are being
tested as boosters to BCG. However, weak immunogenicity
of protein/peptide-based vaccines requires a safe and effective
adjuvant, which in itself poses issues (19–24, 34).

Our earlier studies demonstrated that lipid-modified
permissive T cell epitopes from ESAT-6 (LP-ESAT-6) induce
strong protective immunity against Mtb upon mucosal
(intranasal) administration, which is further enhanced by
addition of an adjuvant MPL (30). With the premise that
ESAT-6-based subunit vaccine by itself may not be sufficient
to induce broad multifunctional protective immunity required
to protect from a complex pathogen such as Mtb, we sought
to investigate its potential as a boosting or supplementing
vaccine after priming with BCG. This approach would not
stringently conform to the classical definition of boosting since
BCG vaccine does not encompass ESAT-6 antigen, but would
rather provide an expansion to the concept of prime-boost
vaccine strategies. However, numerous earlier examples of
not-so-successful preclinical and clinical testing with BCG-
prime and heterologous-boost prompted us to re-examine
this approach in an unconventional manner. Most of the
post-exposure or therapeutic vaccines previously studied were
evaluated in BCG-naïve or BCG-vaccinated healthy individuals
(14, 18, 19). Traditional prime-boost vaccine approaches require
administration of the booster vaccine at various times after the
priming vaccine to prevent an infection. But the timing, dose

and route of which still continues to be debated. Although BCG-
induced immunity is known to wane after time, it is known to be
good for 10–15 years after childhood immunization in humans
(6, 35, 36). This suggests that only minor changes in the timing of
booster vaccinationmay not show quantifiable differences. While
there are scarce studies, which thoroughly examined the timing
of boosting, homologous boosting with BCG after BCG priming
has not demonstrated beneficial effect compared to heterologous
boosting (37). Effect of timing with different boosting vaccines
has been variable: the boosting potential of MVA85A was
not found to be influenced by the timing of the boost after
BCG-priming in children whereas prolonging the time between
BCG priming and boosting was found to be favorable for
another subunit vaccine that used a recombinant mycobacterial
adhesin heparin-binding haemagglutinin (rHBHA) (38). It has
been speculated that repeated activation of already activated T
cells may lead to increased apoptosis following a subunit-boost
resulting in a suboptimal booster effect observed at the peak of
a BCG response, whereas boosting at the contraction/effector
memory phase of a T cell response may provide a better effect
(39–41). However, for a heterologous boosting antigen (ESAT-6),
which is absent in BCG, these mechanisms may neither be
relevant nor limiting, and therefore it may offer an advantage
due to at least not having a detrimental effect caused by apoptosis
of already activated T cells. Further, BCG is known to not
protect against pulmonary TB and our LP-ESAT-6 subunit
vaccine demonstrated promising efficacy against pulmonary
Mtb infection when given intranasally. Above all, since many of
the BCG-primed individuals still develop active Mtb infection
and TB disease, and one third of the world’s population is
latently infected with Mtb, there is a desperate need to develop
post-exposure vaccine for TB.

Our experimental protocol (Figures 1IA,B), was designed to
test LP-ESAT-6 as both a prophylactic (pre-exposure) and a
therapeutic (post-exposure) vaccine in mice primed with BCG.
Surprisingly, LP-ESAT-6 subunit vaccine was not able to confer
enhanced protection in the pre-exposure schedule (except in
liver) but exhibited promising enhancement of protection in
the post-exposure schedule when compared to the BCG-alone
group (Figures 1IIA,B). It is possible that LP-ESAT-6 vaccination
post-infection also leads to reduction in Mtb loads in BCG
unprimed mice, however, this group was not included due to
our experimental design focusing on BCG primed animals. The
lack of improvement in protection in the pre-exposure schedule
was unexpected as in our earlier studies LP-ESAT-6 subunit
vaccine by itself conferred significant protection against Mtb
infection (30) and we were anticipating at least an additive
effect. The exact mechanism for this discrepancy is not clear.
However, we speculate that priming with BCG modulates and
regulates T cells in a way that could not be overcome by LP-
ESAT-6 subunit boost prior to infection, whereas upon infection,
either T cells get primed due to de novo infection with Mtb
which then get boosted upon administration of the LP-ESAT-6
subunit vaccine or the productive infection allows re-education
of recent thymic emigrant (RTE) T cells. These possibilities will
be investigated in future studies. It has been shown in a mouse
model of Mtb infection that recent thymic emigrants contribute
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to peripheral T cell responses during acuteMtb infection (42). On
the other hand, chronic infection with Mtb leads to exhaustion
of antigen-specific T cells. Further, central tolerance is not a
major factor limiting T cell responses during Mtb infection,
and infection with Mtb is capable of supporting the activation
of recent thymic emigrants (42), opening the possibility of re-
educating them with a subunit booster vaccine. Although BCG
vaccine is a live vaccine and expected to replicate in the host,
the short duration (14 days) between BCG priming and LP-
ESAT-6 subunit vaccine in the pre-exposure schedule in our
study is not expected to lead to exhaustion or apoptosis of
T cells. Furthermore, since ESAT-6 antigen is not present in
the BCG vaccine strain, these mechanisms should not blunt
the response induced against ESAT-6 antigen. It is possible
that priming with BCG induced Tregs, which then dampened
the induction of responses against LP-ESAT-6. It has been
shown earlier that BCG vaccine triggers the specific activation
of CD4+ and CD8+ Tregs (43–45). However, to what extent
the Tregs affect boosting with another vaccine is not clear, and
we did not evaluate them in our experiments as we performed
all of our studies in mice with productive infection with
Mtb.

The examination of BAL fluid for cytokines demonstrated
an interesting pattern in IFN-γ vs. IL-17A production
(Figures 2A,B). While IFN-γ has been suggested to be the
single most important cytokine in protective immunity against
Mtb, the role of IL-17A could be protective, inflammatory
and/or regulatory (46). Compared to healthy people, CD4+

T cells producing IL-22 and IL-17A have been reported to
be upregulated in BAL fluids of pulmonary TB patients (47),
indicating their probable contribution to anti-mycobacterial
responses. Interestingly, the post-exposure boost in our study
led to enhanced IFN-γ, IL-17A and IL-22 levels, in contrast to
pre-exposure boost, where IL-17A and IL-22 was enhanced in
the absence of upregulation in IFN-γ; IL-10 level was reduced
proportionally. The exact cellular source of these cytokines in
BAL fluids is also not clear and could be from innate and/or
adaptive lymphocytes. The examination of BAL infiltrating
lymphocytes demonstrated an interesting pattern with a clear
distinction between pre-exposure and post-exposure boost
(Figures 3I,II,IIIA,B). While BCG priming led to increased
recruitment of CD4+ T cells compared to unvaccinated mice,
boosting with ESAT-6+MPL led to the significant enhancement
in CD8+ and CD4−CD8− (double negative, DN) T cells
infiltrating BAL only in the post-exposure boost regimen.
The reason why there was no enhancement in CD8+ and
CD4−CD8− T cells infiltrating BAL in the pre-exposure boost
schedule, is not clear. However, it appears that the increased
CD8+ and CD4−CD8− T cells in BAL in the post-exposure boost
may at least be partially contributing to increased reduction in
Mtb viable counts (Figures 1, 3). For an intracellular pathogen
like Mtb, besides cytokine-mediated mechanisms, cytotoxic
lymphocytes are expected to play a significant role in removing
the infected host cells, thereby clearing the infection (48).
Interestingly, BCG vaccine has been known to predominantly
induce CD4+ T cells and attempts to broaden the response
toward both CD4+ and CD8+ T cell responses have included

boosting with recombinant adenovirus vector containing Ag85A
and B, and making recombinant BCG more amenable to
inducing CD8+ T cell response by including multiple antigens
and perfringolysin (49–52). BCG is also known to induce
CD8+ Tregs (43, 53), which may have compromised the ability
of the LP-ESAT-6 boost to enhance CD8+ T cell infiltration
in the pre-exposure boost, but which could be overcome by
productive infection with Mtb resulting in a significant increase
in the post-exposure boost. Further, in the post-exposure boost
with LP-ESAT-6, there was a significant increase in double
negative T cells (CD3+CD4−CD8−) in BALs. The expression
of early activation marker CD69 on both CD8+ and DN T
cells, although increased over unvaccinated mice, was not
significantly different compared to the BCG-alone group.
Since CD69 is expressed transiently early after activation of
T cells, the timing of experiments could have contributed to
seemingly no significant increase. The significant enhancement
in percentage of DN T cells in BAL upon post exposure boost is
interesting, although the current studies did not clearly identify
the function of these cells in contributing to the reduction
of Mtb loads. Double negative T cells have been suggested
to be of thymic and extra-thymic origin, prevalent in lungs,
liver and genital tract, and may have inflammatory and/or
regulatory potential (54). Interestingly, in response to a live
vaccine against respiratory infection with intracellular bacteria
Francisella tularensis in mice, DN T cells were shown to be the
major responding T cells (55). DN T cells have been shown
to produce IL-17A earlier than CD4T cells and demonstrate
features of antigen-experienced T cells including lower threshold
of stimulation, proliferation, cytokine production, and also
contribute to clearance of infection (56). Further, IL-10 has
been shown to limit the expansion of DN T cells (57). Our
results also demonstrated a reciprocal regulation of IL-10 and
DN T cells in BALs in post-exposure boosted mice (Figures 2,
3). Double negative memory T cells in lungs with functional
properties similar to CD8+ T cells have also been shown to
react to influenza virus infection. Further, they were shown to
express CD69, representing the activated memory phenotype
(58). Overall, our results demonstrated an enhancement of
CD8+ and DN T cells in BAL upon post-exposure boosting with
LP-ESAT-6±MPL, which may have contributed to increased
reduction inMtb loads.

Proliferation and expansion of antigen-specific T cells is
a signature of the activation of adaptive immunity. In gross
splenocyte proliferation assays, the recall response to purified
protein derivative (PPD) did not show an enhancement in
the LP-ESAT-6-boosted group when compared to BCG alone.
However, recall response to individual LPs of the LP-ESAT-
6 subunit vaccine was substantially increased in the post-
exposure group, compared to pre-exposure group (Figure 4).
Addition of MPL further enhanced this effect (Figure 4). Our
results demonstrated that the T cell proliferation response to
ESAT-6 was very poor in the pre-exposure group where LP-
ESAT-6 was given 14 days after BCG priming (Figure 4II).
This result was in contrast to our earlier studies where LP-
ESAT-6±MPL immunized mice, which were not primed with
BCG, showed excellent T cell responses against LP-ESAT-6
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(30); this was likely due to immune-modulation induced by
priming with BCG vaccine. We observed that proliferation
in response to PPD recall was not affected in both pre- and
post-exposure boost with the subunit compared to the BCG-
alone group. But the proliferative response to LPs became
very highly exaggerated in the post-exposure boost, further
indicating that LP-ESAT-6 subunit vaccine was not efficient
in boosting the BCG priming per se but either could re-
educate the Mtb-specific response after infection or that
the productive infection could overcome the BCG-induced
regulatory effects.

Analyses of antigen-dependent IFN-γ and IL-10 production
in CD4+ and CD8+ T cells from ex vivo-stimulated splenocytes
of BCG-alone and LP-ESAT-6 subunit vaccine boost groups
(Figures 5I,IIA,B) demonstrated clear superiority of post-
exposure LP-ESAT-6 subunit vaccine in inducing IFN-γ
producing CD8+ T cells, compared to pre-exposure boost.
IFN-γ-producing CD8+ T cells have been demonstrated to be
efficient effectors for intracellular pathogens (59). Intriguingly
though, there also was a significant increase in IL-10-producing
CD8+ T cells (Figure 5II). In a mouse model of coronavirus
infection-induced encephalitis, IL-10 produced by CD8+ T
cells has been demonstrated to reflect cytotoxic T lymphocytes
with a superior effector (cytolytic) function (60). Unlike IL-10
production by CD4+ T cells, which have been shown to be at least
partially associated with persistent infections, IL-10 producing
CD8+ T cells have been shown in acute respiratory infections
with influenza virus, respiratory syncytial virus and simian
virus (61–63).

Granzyme B, produced by activated innate and adaptive
cytotoxic lymphocytes, is a determinant of cytotoxic granules
and perforin-dependent cytolytic activity. Clearance of an
intracellular pathogen such as Mtb would be highly facilitated
by activation of cytotoxic lymphocytes. We conducted GrB
expression analyses in splenocytes directly obtained from the
animals without ex vivo culturing, so as to avoid non-specific
ex vivo activation of effector lymphocytes. It has been reported
that cytokines such as IL-2 and IL-15 can stimulate GrB
expression in T cells even without antigen stimulation (64).
Our examination of intracellular GrB expression in splenocytes
demonstrated that boosting with LP-ESAT-6 subunit vaccine
increased GrB expression in CD8+ T cells compared to
BCG vaccination alone in the post-exposure boost group but
not in the pre-exposure group (Figure 6). In contrast, GrB

expression on NK (CD3-CD49b+) and NKT (CD3+CD49b+)
cells was upregulated following BCG vaccination compared
to the unvaccinated group, which showed a trend toward
further enhancement with LP-ESAT-6 boosting in both pre
and post-exposure schedules (Figure 6). These results indicate
that boosting with LP-ESAT-6 may be inducing memory-
like effects in NK and NKT cells. It has been reported that
homologous BCG boosting in adult humans, besides stimulating
CD4+ and CD8+ T cells, also stimulates memory NK and
NKT cells expressing GrB as an antimycobacterial effector
molecule (33).

A key question in attempts to generate a more effective
TB vaccine is the quality and quantity of immune responses
required for optimal protection against TB. Our studies clearly
suggest that mucosal boosting with LP-ESAT-6 subunit vaccine
allows the expansion of immune responses with respect to
the target mycobacterial antigen, and overall quality and
quantity, compared to BCG vaccine alone. A less-explored
but crucial question is the timing of the boost after BCG
priming. Our studies have shed important light on this key
question and perhaps partially help to explain the many
unsuccessful attempts directed toward a prime-boost strategy for
TB vaccine. Further work is needed to determine the detailed
reasons/mechanisms for the inability of a pre-exposure boost
with LP-ESAT-6 subunit vaccine to enhance protection compared
to BCG alone. Nevertheless, they represent a significant
advancement demonstrating that scheduling the subunit vaccine
boost post-exposure, and therefore re-educating the T cells,
may be a promising future path toward a successful TB
vaccine. Additionally, these studies provide immense promise
for development of a subunit vaccine for BCG-vaccinated
individuals who still get active TB infection.
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