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Mycobacterium tuberculosis (M. tuberculosis), the causative
agent for tuberculosis (TB), is responsible for 1.5 million
deaths and 9 million new cases of TB in 2013 [1]. Lack
of highly specific and sensitive diagnostic tests, restricted
vaccine efficacy, emergence of multidrug and extensively
drug-resistant strains ofM. tuberculosis, andHIV coinfection
are the most important factors that result in poor global
TB control [1]. It is estimated that, among individuals
who are infected with M. tuberculosis, around 85–90% are
able to control the infection but are unable to completely
eradicate the bacillus from their bodies resulting in a latent
tuberculosis infection (LTBI) [2]. LTBI is defined by the
presence of M. tuberculosis-specific immune response with
the absence of radiological evidence of clinical disease and
clinical signs or symptoms. Approximately one-third of the
world’s population has LTBI and, among the latently infected
population, 5–10% will develop active TB due to reactivation
and resuscitation of dormant bacilli [1]. This risk is further
increased in immune-compromised individuals and people
at the extremes of age. Latently infected individuals are the
largest reservoir of potential future source of active TB [2].
In order to reduce the global incidence of TB cases, we
urgently need an improved vaccine against M. tuberculosis
infection.MycobacteriumbovisBacillusCalmette-Guérin (M.
bovis BCG), currently the only available vaccine against TB,
induces variable protection in adults [3]. Immune corre-
lates of protection are lacking, and analyses on cytokine-
producing T-cell subsets in protected versus nonprotected
cohorts have yielded inconsistent results [3].This special issue
encompasses findings from clinical and translational studies

that will further enhance our understanding of the viru-
lence mechanisms ofM. tuberculosis, impaired host immune
responses in individuals with active TB, pathogenesis of the
disease, and strategies to enhance the innate and adaptive
immune responses againstM. tuberculosis infection.

Within this special issue are studies that explore the use
of BCG vaccines that have been modified in various ways
to improve their efficacy. One study uses BCG-Pasteur and
BCG-China with DNA vaccine priming and boosting. The
vaccine contains coding regions for antigens present within
the RD-14 region absent in BCG-Pasteur. In a separate study,
BCG was made as a recombinant strain with overexpression
of a chimeric protein based on previously studied immuniz-
ing antigens. This chimeric antigen is controlled by the iron
regulator FurA which regulates gene activity during in vivo
growth. In another investigation BCGwas constructed which
overexpresses the cytokine IL-18. When dendritic cells were
infected with this recombinant strain, these cells had altered
responses and some immune functions were increased, such
as improved cytokine production. An alternative approach
to vaccination against TB infection is to create mutant M.
tuberculosis strains that are attenuated but can still stimulate
immunity. In this issue a study shows M. tuberculosis strain
that is mutated in ferritin and is used as a vaccine in a mouse
model. While this strategy was comparable to BCG with
respect to bacterial burden, pathology of infection seemed to
be improved.

Within this issue as well are various studies of immuno-
logical tests that can better distinguish between active TB
and LTBI. One study shows that LTBI results in a distinctive
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CD4+ T-cell cytokine profile. Another study using analysis
of antibodies against TB glycolipids was also investigated and
compared with those having pulmonary TB, cavitation, and
extrapulmonary disease. Also in another study comparing TB
infected individuals and healthy subjects, antigen presenting
cells seemed to be impaired in TB patients and more severely
impaired in PPD-anergic patients.

Vishwanath Venketaraman
Deepak Kaushal
Beatrice Saviola
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Mycobacterium tuberculosis the causative agent of tuberculosis affects millions of people worldwide. New tools for treatment and
prevention of tuberculosis are urgently needed. We previously showed that a ferritin (bfrB) mutant of M. tuberculosis has altered
iron homeostasis and increased sensitivity to antibiotics and to microbicidal effectors produced by activated macrophages. Most
importantly, M. tuberculosis lacking BfrB is strongly attenuated in mice, especially, during the chronic phase of infection. In this
study, we examined whether immunization with a bfrBmutant could confer protection against subsequent infection with virulent
M. tuberculosis in amousemodel.The results show that the protection elicited by immunization with the bfrBmutant is comparable
to BCG vaccination with respect to reduction of bacterial burden. However, significant distinctions in the disease pathology
and host genome-wide lung transcriptome suggest improved containment of Mtb infection in animals vaccinated with the bfrB
mutant, compared to BCG. We found that downmodulation of inflammatory response and enhanced fibrosis, compared to BCG
vaccination, is associated with the protective response elicited by the bfrBmutant.

1. Introduction

Tuberculosis (Tb) continues to be one of the most deadly
infectious diseases, causing more than one million deaths in
the world per year. The variable efficacy of the BCG vaccine,
the synergy between HIV andM. tuberculosis (Mtb), and the
increase in drug-resistant Mtb strains underscore the urgent
need for effective vaccines against Tb.

Iron plays a critical role in the pathogenesis of many
organisms including Mtb. It is the preferred redox cofactor
in several basic cellular processes, but due to its insolubility
and potential toxicity under physiological conditions, iron is
a limiting nutrient in the host environment. Therefore, suc-
cessful pathogens must possess high affinity iron acquisition
systems and exert strict control over intracellular free iron to
establish a productive infection. In addition to its ability to
induce iron acquisition systems, iron limitation encountered

in the host is a signal for pathogen’s induction of virulence
determinants and reprogramming of many cellular processes
including central metabolism, secretion, surface remodeling,
stress responses, and membrane vesicle generation [1, 2].
Thus, due to its impact on the pathogen’s physiology, iron
homeostasis can influence many host-pathogen interactions.

Previously, we demonstrated that Mtb requires the iron
storage protein ferritin (BfrB), for its adaptation to changes
in iron availability [3]. When available, iron is safely stored in
ferritin and released as needed to overcome iron limitation.
Lack of storage results in free iron mediated toxicity and
increased vulnerability to oxidative and nitrosative stress. In
mice lungs, Mtb lacking bfrB (ΔbfrB) proliferates initially, in
the first 4 weeks, but it succumbs to the effects of the adaptive
immune response failing to establish a chronic infection [3].
Additionally, though ΔbfrB disseminates to the spleen, it fails
to colonize the liver [3]. Thus, although unable to establish a
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successful infection ΔbfrB persists long enough to stimulate
host immunity suggesting that this strain could serve as a
potential vaccine candidate.

In this study, we tested whether subcutaneous vaccina-
tion with ΔbfrB could protect mice against a subsequent
aerosol challenge with virulent Mtb. The results show that
immunization with the ΔbfrB stimulates protective immu-
nity associated with reduced disease pathology and better
containment of the infection compared to vaccination with
BCG.Genome-wide transcriptome analysis showed a distinct
expression pattern of significantly differentially expressed
genes (SDEG) between the ΔbfrB and BCG-vaccinated,
Mtb-infected mice lungs. Our network/pathway analysis of
SDEG revealed significant downregulation of inflammatory
response and activation of fibrosis network genes in the
ΔbfrB, compared to BCG vaccinated, Mtb-infected mice
lungs, which is potentially associated with the improved
protection by the former vaccine strain. The results provide
a framework for the identification of new immunological
correlates and mechanisms of protection, relevant for the
design of better Tb prevention strategies.

2. Materials and Methods

2.1. Animal Ethics Statement. All animal procedures men-
tioned in this study were approved by the Rutgers Institu-
tional Animal Care and Use Committee (IACUC) and all
possible steps were taken to avoid animal suffering at each
stage of the experiments.

2.2. Bacterial Strains and Chemicals. Thewild type andΔbfrB
strains of Mtb H37Rv were grown in Middlebrook 7H9
media (Difco BD, Sparks, MD) as described previously [3].
Stock cultures were prepared at mid-log growth phase and
stored at −80∘C until they were ready to use. All chemicals
were purchased from Sigma (Sigma-Aldrich, St. Louis, MO),
unless specified otherwise. BCG-Pasteur strain was obtained
from ATCC.

2.3. Mouse Vaccination and Infection. Female C57BL/6 mice
(𝑛 = 15) were vaccinated subcutaneously with 1 × 106 CFU
of ΔbfrB or BCG suspended in 0.1mL PBS containing 0.05%
Tween 80 (PBST). A control group of mice was mock-
vaccinated with PBST. At 4 or 8 weeks postvaccination,
groups of 5 mice (𝑛 = 5) were aerosol infected with Mtb
H37Rv as described earlier [3]. Briefly, Mtb aerosols were
generated by a Lovelace nebulizer (In-tox Products, Albu-
querque, NM) with a 10mL bacterial suspension of about
1 × 106 bacilli/mL in saline containing 0.04% Tween 80
and the mice were exposed to the aerosol for 30 minutes
which results in approximately 100 colonizing CFUs per lung.
A separate group of vaccinated but uninfected mice were
included as controls. Infected mice were sacrificed 4 weeks
postinfection and lungs and spleen were removed. Portions
of the tissue were homogenized in PBST and serial dilutions
of the homogenates were plated ontoMiddlebrook 7H10 agar
(Difco BD, Sparks,MD) to determine the number of bacterial
CFUs. Portions of mice lungs were also stored immediately at

−80∘C for total lung RNA isolation or fixed in 10% formalin
for histological analysis.

2.4. Histopathology. The formalin-fixed lung portions from
vaccinated and vaccinated-Mtb-infected mice (𝑛 = 5
per group) were paraffin embedded, cut into 5 𝜇M slices,
and used for histopathological analysis. Lung sections were
stained either with haematoxylin and eosin (H&E), Mason’s
trichrome, or Ziehl-Neelsen staining method for assess-
ing the pathology, tissue remodeling and fibrosis, and the
presence of acid-fast bacilli (AFB), respectively. Stained
lung sections were analyzed and photographed in a Nikon
Microphot-FX microscope (Nikon Instruments, Melville,
NY). Morphometric analysis was performed on the H&E
stained histologic sections to determine the area of granu-
lomas in the lungs of Mtb-infected mice using Sigmascan
Pro software, following the instructions supplied by the
manufacturer (Systat Software, Inc., San Jose, CA).

2.5. Total RNA Isolation. Total lung RNA from vaccinated
and vaccinated plusMtb-infectedmice (𝑛 = 5 per group) was
extracted and purified to remove contaminating DNA, using
the RNeasy Midi kit (Qiagen Inc., Valencia, CA) following
the manufacturer instructions. The quality and quantity of
purified RNA was estimated using a Nanodrop instrument
(Nanodrop, Wilmington, DE).

2.6. Microarray Gene Expression Procedure and Data Anal-
ysis. Total RNA extracted from each of the BCG or ΔbfrB
vaccinated and Mtb-infected mouse lungs (𝑛 = 3 per
group) was processed separately for microarray analysis as
reported earlier [4]. Gene expression profiling was per-
formed using the Mouse Gene 2.0 ST Array slides and
the GeneChip whole transcript (WT) protocol following
the manufacturer’s protocol (Affymetrix, Santa Clara, CA).
Briefly, total RNA (250 ng) was used for cDNA synthesis.
The cDNA was fragmented and end-labeled with biotin.
The biotin labeled cDNA was hybridized to the array for
16 hours at 45∘C using the GeneChip Hybridization Oven
640. Washing and staining with streptavidin-phycoerythrin
was performed using the GeneChip Fluidics Station 450.
Images were acquired using the Affymetrix Scanner 3000
7G Plus and the Affymetrix Command Console Software
(Affymetrix, Santa Clara, CA). The arrays were normalized
using robust multiarray (RMA) method. Gene expression
data from three independent samples per group was cumu-
lated, averaged, annotated, and processed at group level (i.e.,
BCG vaccinated and Mtb-infected versus ΔbfrB vaccinated
and Mtb-infected) using Partek Genomics Suite (Partek Inc.,
St. Louis, MO). We applied one-way ANOVA with equal
variance between comparator groups. Significantly differen-
tially expressed genes (SDEG) were derived using 5% false
discovery rate (FDR).The list of SDEG was analyzed for gene
ontology and pathway/network derivation using ingenuity
pathway analysis (IPA; Ingenuity Systems, Redwood City,
CA). A 𝑧-score based gene ontology algorithmwas used from
IPA to categorize the biological functions affected by SDEG.
This algorithm identifies biological functions expected to
be increased (activated) or decreased (suppressed), in
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the user datasets, based on the nonrandomexpression pattern
of genes in the dataset, relative to the knowledgebase from
published results.Thus, a 𝑧-score of ≥2 indicates activation of
a biological function, while a 𝑧-score of≤2 shows suppression
of a biological function.Themicroarray gene expression data
was submitted to Gene Expression Omnibus (GEO).

2.7. Quantitative Real-Time PCR (qPCR). The mouse lung
total RNA utilized for microarrays was also used for qPCR
experiments. For reverse transcription, a ThermoScript RT-
PCR system with random hexamer primers was used accord-
ing to the manufacturer instructions (Life Technologies,
Grand Island, NY). Briefly, 200 ng of total lung RNA from
each mouse was used for cDNA synthesis. Control reac-
tions without reverse transcriptase were also performed to
exclude significantDNAcontamination.The amplified cDNA
samples were diluted 50-fold and used for qPCR with a
SYBR green qPCR super Mix Universal (Life Technologies,
Grand Island, NY) in a Stratagene Mx3005p system (Agilent
Technologies, Santa Clara, CA). The 10 𝜇L PCR mixture
contained 1.5𝜇L (5 ng) of cDNA template, 5 𝜇L of SYBR
Green Master Mix, 2𝜇L of primers (10 pM), and 1.5 𝜇L
nuclease-free water. The PCR conditions were one cycle of
10min at 94∘C followed by 40 cycles of amplification, each
with 95∘C for 30 s, 55∘C for 30 s, and 72∘C for 30 s. The
oligonucleotide primers used for qPCR are listed in Supple-
mentary Table 1 in Supplementary Material available online
at http://dx.doi.org/10.1155/2015/385402.Threshold cycle (Ct)
values of test and control (Gapdh) genes were measured and
used to calculate the fold change in expression usingMx4000
software (Agilent Technologies, Santa Clara, CA).

3. Results

3.1. Growth of Mtb in ΔbfrB or BCG Vaccinated Mice. We
have shown previously that, after aerosol exposure, ΔbfrB
replicates in the mice lungs during the first 4 weeks of
infection but is unable to persist and establish a chronic
infection. We postulated that the inability of ΔbfrB to per-
sist in the infected mice lungs was due to the effects of
the adaptive immune response and hypothesized that the
transient replication of ΔbfrB might stimulate an immune
response that could protect against subsequent infection with
a fully virulent Mtb. To test this, groups of mice (𝑛 = 5)
were vaccinated with a single dose of ΔbfrB or the standard
BCG vaccine and at four or eight weeks postvaccination a
group of mice were sacrificed to determine CFUs of each
vaccine strain in the lungs whereas a second group of mice
were challenged via aerosol infection with virulent wild
type H37Rv (Figure 1(a)). Enumeration of lung CFUs from
vaccinated, uninfected mice lungs show that at the high
dose used for subcutaneous administration the attenuation of
ΔbfrB and BCG was comparable (Supplementary Figure 1).
Among the Mtb-infected mice, those vaccinated with ΔbfrB
or BCG had significantly less number of bacilli in their
lungs and spleen, compared to the sham (PBS-)vaccinated
controls (Figure 1(b) and Supplementary Figure 2). A further
reduction in bacillary load was observed in ΔbfrB compared

to the BCG in the 8 weeks vaccinated, Mtb-infected mice
lungs, though this difference was not statistically significant
(𝑃 = 0.63). Thus, we conclude that ΔbfrB vaccinated mice
controlled bacterial multiplication in the lungs to a similar
extent as the BGC vaccinated mice. Since there was no sig-
nificant difference in the level of protection between animals
vaccinated for 4 or 8 weeks prior to challenge, we decided to
focus on the longer lasting response of animals vaccinated for
8 weeks before infection, for subsequent analyses.

3.2. Histopathology of ΔbfrB or BCG Vaccinated Mtb-Infected
Mice Lungs. To examine the gross pathology of the ΔbfrB
or BCG vaccinated and Mtb-infected mice, we examined
the H&E stained lung sections from the respective animals
(Figures 1(c)–1(f)). No obvious granulomas were found in
the ΔbfrB or BCG vaccinated, uninfected mice lungs, while
well-formed granulomas were noted in the vaccinated-Mtb-
infected mice lungs. The lung granulomas appeared bigger
and more cellular in the BCG vaccinated, compared to the
ΔbfrB vaccinated mice, where multiple, smaller granulomas
were found.Thus, suggesting that vaccination with these two
strains differentially influenced the host immune response
and granuloma development.

Analysis of the lung sections at higher magnifications
revealed a mostly clear and functional parenchyma without
inflammation or pneumonia in theΔbfrB or BCG vaccinated,
uninfected animals, though very few, small, localized perivas-
cular cellular aggregates were found in the former group
(Figures 2(a)–2(d)).These cellular aggregates were comprised
of foamy histiocytes and lymphocytes (Figures 2(c) and 2(d)).
This indicates that a distinct lung-immune response and cell
recruitment was elicited by the two vaccines. Among the
Mtb-infected mice, the lungs of BCG vaccinated animals
had well-organized peribronchial and perivascular gran-
ulomas that occasionally coalesce to form bigger lesions
(Figure 2(e)). These highly cellular and diffused granulomas
contained densely arranged foamy and nonfoamy histiocytes
that appear to be macrophages and polymorphonuclear cells
(PMN) at the center, surrounded by a cuff of lymphocytes at
the periphery (Figure 2(f)). In contrast, the granulomatous
lesions in the ΔbfrB vaccinated, Mtb-infected mice lungs
appeared smaller, diffused, and contained more lymphocytes
at the periphery of the lesions (Figures 2(g) and 2(h)).
Relatively more fibrosis was also noted in these well-confined
granulomas (see below). Although no necrosis was found in
any of these granulomas, elevated immune cell accumula-
tion, specifically foamy macrophages, reminiscent of lipid-
pneumoniawas noted in bothΔbfrBorBCGvaccinated,Mtb-
infected mice lungs (Figures 2(e)–2(h)). Morphometric anal-
ysis of lung granulomas in the Mtb-infected mice revealed
about two-fold higher lesion volume, corresponding to more
lung involvement, in the BCG vaccinated, compared to the
ΔbfrB vaccinated animals; however, the difference was not
statistically significant (Supplementary Figure 3).

3.3. Genome-Wide Transcriptional Analysis of ΔbfrB or BCG
Vaccinated Mtb-Infected Mice Lungs. To determine the cor-
relates of immune response elicited in the ΔbfrB vaccinated
Mtb-infected mice, we performed a genome-wide lung gene
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Figure 1: Experimental design, lung bacillary burden, and gross pathology of vaccinated and uninfected or Mtb-infected mice. (a) Schema
of the mice vaccination schedule and Mtb infection experiment. (b) Lung bacillary load in mice infected with virulent Mtb H37Rv after
vaccinationwith PBS (sham) or BCGorΔbfrB for 4 (∗𝑃 = 0.033) or 8 weeks (∗∗𝑃 = 0.035). Gross lung pathology of vaccinated and uninfected
or Mtb-infected-mice. (c) H&E stained lung section of BCG vaccinated (for 8 weeks) and uninfected mice. (d) H&E stained lung section of
ΔbfrB vaccinated (for 8 weeks) and uninfected mice. (e) H&E stained lung section of BCG vaccinated (for 8 weeks) and Mtb-infected (for 4
weeks) mice. The arrows in (e) show a multifocal, coalescent granuloma. (f) H&E stained lung section of ΔbfrB vaccinated (for 8 weeks) and
Mtb-infected (for 4 weeks) mice. The arrows in (f) show multiple, small granulomas.

expression profile in these mice and compared the results
with the transcriptional profile of BCG vaccinated Mtb-
infected mice lungs.

The principal component analysis (PCA) mapping
showed clustering of dataset from multiple samples within
each group that was distinct from each other (Figure 3(a)).
The reproducibility of variance in the 𝑥-axis, 𝑦-axis, and
𝑧-axis as shown by PC#1, 2, and 3 were 45.6%, 20.7%, and
14.7%, respectively. Of the 35,556 probes present in themouse
microarray, 21,760 were annotated. After normalization, data
from the two vaccinated groups (ΔbfrB versus BCG) were
analyzed by one-way ANOVA and compared groupwise
(Figure 3(b)). Using 5% false discovery rate (FDR) (𝑄 value <
0.05) as significance cut-off, we identified 1,545 significantly
differentially expressed genes (SDEG). Of these SDEG, about
61% were upregulated in the ΔbfrB vaccinated, relative to
the BCG vaccinated, Mtb-infected mouse lungs (Figures
3(b) and 3(c)). The microarray gene expression data was
validated with qPCR on a randomly selected list of genes
(Supplementary Table 2). The pattern and directionality
of expression of selected genes was consistent between
microarray and qPCR, though the absolute expression levels

for some genes were different, due to inherent differences in
these two methodologies.

The 𝑧-score based functional prediction analysis of
enriched set of SDEG using IPA suggested dampening of host
biological functions associated with inflammation, cellular
movement, and cell death and survival, while other functions
such as regulation of cell morphology, lipidmetabolism, lym-
phoid tissue structure and development, and small molecule
transport were activated in the ΔbfrB vaccinated, relative to
the BCG vaccinated, Mtb-infected mouse lungs (Table 1).

3.4. Gene Networks Affected in the ΔbfrB or BCG Vaccinated
Mtb-Infected Mice Lungs. Among various biological func-
tions impacted by the enriched set of SDEG, we selected
the most statistically significant and potentially relevant to
Tb pathogenesis formore detailed network/pathway analysis.
The selected networks are inflammatory response, the STAT-1
regulon, phosphatidylcholine (PC) metabolism, and PPAR-𝛾
regulon (Figure 4).

3.4.1. Inflammatory Response Network. There were 70 SDEG
associated with the inflammatory response that contributes
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(a) (b) (c) (d)

(e) (f) (g) (h)

Figure 2: Histopathology of vaccinated and uninfected or Mtb-infected mice lungs. ((a)-(b)) H&E stained lung section of BCG vaccinated
(for 8 weeks) and uninfected mice. ((c)-(d)) H&E stained lung section of ΔbfrB vaccinated (for 8 weeks) and uninfected mice. The arrow in
(c) shows cellular aggregation.The arrows in (d) show foamy histiocytes. ((e)-(f)) H&E stained lung section of BCG vaccinated (for 8 weeks)
and Mtb-infected (for 4 weeks) mice. The arrows in (e) show a multifocal, coalescent granuloma. The arrows in (f) show lymphocyte cuff at
the periphery of a granuloma. ((g)-(h)) H&E stained lung section of ΔbfrB vaccinated (for 8 weeks) andMtb-infected (for 4 weeks) mice.The
arrows in (g) showmultiple, smaller granulomas (compared to (e)).The arrows in (h) show lymphocyte cuff at the periphery of a granuloma.
Magnification: 4x ((a), (c), (e), and (g)) or 40x ((b), (d), (f), and (h)).

to exacerbated disease pathology duringMtb infection.These
genes code for cytokines, enzymes, G-protein coupled recep-
tors, ion channels, transcriptional regulators, transmembrane
receptors, and transporters. Of these, 19were upregulated and
51 were downregulated in the ΔbfrB vaccinated, relative to
the BCG vaccinated, Mtb-infected mouse lungs (Figure 4(a)
and Supplementary Table 3).The expression pattern of SDEG
in this network showed a negative 𝑧-score (−4.0) in the
functional prediction analysis, which suggests significant
downmodulation of the inflammatory response, including
reduced chemotaxis and activation of leukocytes, and the
acute phase response. This result is associated with and sup-
ported by our histopathology analysis that revealed smaller
granulomas and reduced immunopathology in the lungs
of ΔbfrB vaccinated, relative to the BCG vaccinated, Mtb-
infected mouse lungs.

3.4.2. STAT-1 Regulon Network. The signal transducer and
activator of transcription-1 (STAT-1) is one of the key regu-
lators of T-cell activation that has been shown to impact the
host protective immunity during Mtb infection in humans
and animalmodels [5–8].We analyzed the expression pattern
of SDEG that are the members of the STAT-1 regulon
network, where the genes are controlling or controlled by
STAT-1. Fifty-five SDEG in our dataset were involved in
STAT-1 regulon network (Figure 4(b) and Supplementary
Table 3). Of these, more than 87% (48 genes) were downreg-
ulated, while 7 genes were upregulated in the lungs of ΔbfrB

vaccinated, relative to the BCG vaccinated, Mtb-infected
mice. The pattern of expression of SDEG suggests inhibition
of this network in the ΔbfrB vaccinated, Mtb-infected mice.
The deactivation of STAT-1 regulon network is also associated
with the downmodulation of inflammatory response in these
animal lungs.

3.4.3. Phosphatidylcholine Metabolism Network. Our func-
tional prediction analysis of SDEG revealed that host lipid
metabolism, specifically phosphatidylcholine (PC) biosyn-
thesis and metabolism, was one of the top biological func-
tions that were significantly activated (𝑧-score +2.2) in the
ΔbfrB vaccinated, relative to the BCG vaccinated, Mtb-
infected mice lungs. A subset of 42 SDEG involved in
the PC metabolism network were differentially regulated
betweenΔbfrB andBCGvaccinated,Mtb-infectedmice lungs
(Figure 4(c) and Supplementary Table 3). Of the 42 SDEG, 30
genes, including 19 (out of 20 genes) that code for enzymes,
were upregulated only in the ΔbfrB vaccinated animals.

3.4.4. PPAR-𝛾 Regulon Network. One of the transcriptional
regulators associated with host lipid metabolism during
disease pathology is the peroxisome-proliferator-activated
receptor-gamma (PPAR-𝛾) [9, 10]. Expression of Ppar𝛾 was
upregulated in the ΔbfrB vaccinated, relative to the BCG
vaccinated,Mtb-infectedmice lungs. In addition, 15 of the PC
metabolismnetwork genes thatwere upregulated in theΔbfrB
vaccinated and Mtb-infected mice lungs were also regulated
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Figure 3: Genome-wide gene expression profiling of vaccinated and Mtb-infected mice lungs. (a) Principal component analysis of lung
transcriptome data from ΔbfrB (blue) or BCG (red) vaccinated, Mtb-infected mice. The eclipse around each group denotes the standard
deviation of the datasets. (b) Volcano plot of lung global gene expression showing the 𝑃 value significance (𝑦-axis; log scale) and fold change
(𝑥-axis). Upregulated genes are shaded in purple and downregulated genes are in yellow. N/C denotes no change. Each spot (blue) in the plot
corresponds to a gene. (c) Intensity plot and dendrogram of significantly differentially expressed genes in the ΔbfrB vaccinated, compared
to BCG vaccinated, Mtb-infected mice lungs. Upregulated genes are in red and downregulated genes are in blue. The color scale bar ranges
from +3 (red) to −3 (blue).

by PPAR-𝛾. Therefore, we investigated the expression pattern
of PPAR-𝛾 regulon network genes. These genes are either
regulating or regulated by Ppar𝛾. Of all the SDEG, 42 were
associated with the PPAR-𝛾 regulon network. Similar to the
expression pattern observed for the PC metabolism network
genes, more than 73% (31 genes) of the PPAR-𝛾 regulon
network geneswere upregulated only in theΔbfrB vaccinated,
Mtb-infected mice lungs (Figure 4(d) and Supplementary
Table 3).

Taken together, the comparative lung transcription pro-
filing, between ΔbfrB and BCG vaccinated, Mtb-infected
mice lungs, is strongly associated with significant down-
modulation of the host inflammatory response, perhaps
by deactivation of STAT-1 network and activation of host

PC metabolism probably through induction of the PPAR-𝛾
regulon network in the ΔbfrB vaccinated animals.

3.5. Differential Fibrosis in the Lung Granulomas of ΔbfrB
or BCG Vaccinated Mtb-Infected Mice. Fibrosis is a cellu-
lar process important in the evolution of granulomas in
Mtb-infected tissues. Resorbing and healing granulomas
are reported to be encapsulated by a thick fibrotic layer,
compared to an actively progressing cavitary granuloma [11].
Our histopathologic analysis of lung sections from ΔbfrB or
BCG vaccinated, Mtb-infected mice revealed distinct cellular
distribution and structural differences in the architecture
of granulomas and suggested more fibrosis in the ΔbfrB
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Table 1: 𝑧-score based functional prediction of SDEG.

Category Functions annotation 𝑃 value 𝑧-score Number of molecules
Downregulated

Inflammatory Response

Activation of leukocytes 3.35𝐸 − 12 −4 103
Activation of myeloid cells 7.94𝐸 − 06 −4 39
Activation of phagocytes 4.51𝐸 − 06 −3.7 45
Activation of antigen presenting cells 2.02𝐸 − 06 −3.3 38
Inflammatory response 1.24𝐸 − 10 −3.1 107
Chemotaxis of granulocytes 6.58𝐸 − 06 −3.1 31
Activation of mononuclear leukocytes 2.75𝐸 − 10 −3 77
Chemotaxis of neutrophils 1.92𝐸 − 05 −3 27
Chemotaxis of myeloid cells 5.25𝐸 − 07 −2.9 45
Activation of macrophages 1.03𝐸 − 04 −2.9 25
Activation of lymphocytes 2.01𝐸 − 10 −2.8 75
Phagocytosis 1.91𝐸 − 06 −2.5 45
Chemotaxis of leukocytes 9.02𝐸 − 10 −2.2 60
Acute phase reaction 3.65𝐸 − 04 −2.2 7

Cellular movement Cell movement of leukocytes 3.00𝐸 − 13 −2.7 122
Lymphocyte migration 2.17𝐸 − 08 −2.7 55

Cell death and survival Cell death 6.41𝐸 − 14 −2.6 400
Upregulated

Cell morphology

Morphology of mononuclear leukocytes 1.63𝐸 − 10 2.9 45
Morphology of lymphocytes 1.26𝐸 − 09 2.9 42
Morphology of leukocytes 2.64𝐸 − 09 2.8 63
Morphology of blood cells 1.67𝐸 − 07 2.8 68
Morphology of T lymphocytes 1.85𝐸 − 06 2.2 26
Morphology of B lymphocytes 3.15𝐸 − 05 2.1 17

Lipid metabolism Synthesis of phosphatidylcholine 1.77𝐸 − 05 2.2 9
Metabolism of phosphatidylcholine 1.16𝐸 − 04 2.2 10

Lymphoid tissue structure
and development

Morphology of lymph follicle 2.57𝐸 − 10 3.4 28
Morphology of germinal center 6.05𝐸 − 10 3.2 21
Development of lymphatic system component 1.96𝐸 − 08 2.3 61
Development of lymph node 2.36𝐸 − 08 2.9 23
Lack of germinal center 4.84𝐸 − 07 3.2 11

Molecular transport Transport of molecule 1.03𝐸 − 05 2.8 176

vaccinated, compared to BCGvaccinated,Mtb-infectedmice.
To determine the extent of differential fibrosis between these
two groups ofmice, we analyzed the lung sections for collagen
deposition after staining with Mason’s trichrome staining
method.

The lungs of ΔbfrB or BCG vaccinated, uninfected mice
had similar levels of background fibrosis (Figures 5(a) and
5(c)). Among the Mtb-infected mice, those vaccinated with
ΔbfrB had more abundant fibrosis than the BCG vaccinated
animals (Figures 5(b) and 5(d)). These collagen fibers were
predominantly present at the periphery of the granulomas
and appeared in distinct clusters in the ΔbfrB vaccinated
mice, compared to a more diffused pattern seen in the
BCG vaccinated mice. We also interrogated the SDEG to

determine the expression pattern of genes associated with
fibrosis in these vaccinated andMtb-infected mice lungs.The
IPA analysis of SDEG identified a subset of 39 genes enriched
for fibrosis and tissue remodeling network (Figure 5(e) and
Supplementary Table 3). Of these, 27 were upregulated and
12 were downregulated in the ΔbfrB vaccinated, relative to
the BCGvaccinated,Mtb-infectedmice lungs.The expression
pattern of genes predicted activation of fibrosis network in the
ΔbfrB vaccinated Mtb-infected mice. In fact, the products of
several of the upregulated genes, including Col4a5, Col14a1,
and Timp2, are reported to be directly involved in the
regulation of collagen synthesis/metabolism [12–14].

Taken together, these results suggest that the reduction in
granuloma size and alleviation of lung pathology in theΔbfrB



8 Journal of Immunology Research

Chil3
Clca3
Ear10
Angptl2
Cxcl15
Epas1
Cd200
Trpm4
Mbl1
Angpt1
Rap1gap
Gsn
Lyz2
Wnt5a
Il17rb
Gm13306
Pde4d
Ccl25
Syt7
Nlrc4
Osm
Havcr1
Ticam2
Mefv
Bdkrb1
Nfkbiz
Tnfrsf14
Cyld
Il2
Grk6
Hpse
Lif
Il12rb1
Il21
Socs1
Capg
Nfkb2
Trpm2
Ptpn6
Tlr12
Lta
Casp4
Fcna
Itgb7
Il3
Lat
Serpinb1a
Isg15
Ptprc
Pycard
Cxcl10
Aif1
Dock2
Defb14
Rac2
Zbp1
Apol7e
Coro1a
Trem1
Xcl1
Tlr1
Ccl7
Msr1

Itgam
Ccl19

Cxcr5
Timd4
Ido1
Cxcl13
Ccl20

(a)

Chil3
Retnla
Angpt2
Pcdh17
Pparg
Soat1
Igf1r
Apobec3
Psme1
Pim1
Tgtp1
Cd274
Il2
Socs1
Psmb10
Irf5
Ifit1
Stat1

Btg1
Ccne1
Cyp2d11
Irf8
Cxcl2

Cd40
Casp4
Ccr7
Psmb8
Irgm1
Oasl1
Gbp5
Cxcl9
Isg15
A2m
Sprr1a
Slfn2
Psmb9
Cxcl10
Cfb
Defb14
Fam26f
Cd14
Il1b
Tnf
Irf7
Ifit2

Irg1
Ccl8

Slfn1
Ccl19
Ubd
Ifi204
Ido1
Gbp2b

Myc

Tap1

(b)

Lrat
Tef
Cyp2b10
St3gal6
Ghr
Plce1
Chka
Lcat
Pltp
Nkx2-1
St8sia2
Sult1a1
Cd9
Chpt1
Pitpnm3
Gata6
Plekha1
Soat1

Fgfr3
Pard3
Pon2
Fitm2

Pnpla6
Htr2a
Pigv
Wwox
Alms1
Pla2g4b
Tspo
Gipr
Nr1h4
Fcgr2b
Itgb2
Soat2
Nfkbia
Cotl1
Cyp2d11
Cd83
Pla2g2d
Ltf

Plcg1

Cyp2j6

(c)

Nr1d1
Olr1
Cav1
Ccl17
Retnla
Scd1
Sftpb
Me1
Fabp3
Igfbp5
Cpt1b
Slc27a3
Pparg
Cyp4b1
Igfbp6
Lpl
Nr2f2
Bace1

Ptprf
Acox1
Rarres2
Gpam

Slc27a1
Myh14
Ivd

Prodh
Gpt

Cebpa
Acadm
Rpsa
Pde3b
Ncf1
Serpina1e
Cxcl2
Ccr7
Cd40
Sprr1a
Il1b
Tnf
Cxcl5

Ctnnb1

Crat

+2

−2

(d)

Figure 4: Intensity plot of network genes differentially expressed in the vaccinated and Mtb-infected mice lungs. (a) Intensity plot of
significantly differentially expressed genes involved in the inflammatory response network. (b) Intensity plot of significantly differentially
expressed genes involved in the STAT-1 regulon network. (c) Intensity plot of significantly differentially expressed genes involved in the PC
metabolism network. (d) Intensity plot of significantly differentially expressed genes involved in the PPAR-𝛾 regulon network. The values
plotted in (a)–(d) are different in fold change in the ΔbfrB vaccinated, compared to BCG vaccinated, Mtb-infected mice lungs. Upregulated
genes are in red and downregulated genes are in blue. The color scale bar ranges from +2 (red) to −2 (blue).
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Figure 5: Fibrosis in the lungs of vaccinated and uninfected or Mtb-infected mice. ((a)-(b)) Masson’s trichrome stained lung section of BCG
vaccinated (for 8 weeks) and uninfected (a) or Mtb-infected (b) mice. ((c)-(d)) Masson’s trichrome stained lung section of ΔbfrB vaccinated
(for 8 weeks) and uninfected (c) or Mtb-infected (d) mice. The arrows in (a) and (c) show basal level of fibrosis (blue color). The arrows in
(b) show minimal fibrosis in the BCG vaccinated and Mtb-infected mice. The arrows in (d) show extensive fibrosis in the ΔbfrB vaccinated
and Mtb-infected mice. Magnification: 4x ((a) and (c)) or 40x ((b) and (d)). (e) Intensity plot of significantly differentially expressed genes
involved in the fibrosis network. The values plotted are the difference in fold change in the ΔbfrB vaccinated, compared to BCG vaccinated,
Mtb-infected mice lungs. Upregulated genes are in red and downregulated genes are in blue. The color scale bar ranges from +2 (red) to −2
(blue).

vaccinated, relative to the BCG vaccinated, Mtb-infected
mice lungs, is associated with increased fibrosis and wound
healing processes.

3.6. Expression of Selected Host Immunity Related Genes
in Vaccinated Animals. To gain insight on the distinctive
features of the immune response induced by ΔbfrB and
BCG vaccination, we determined the level and pattern of
expression of a selected panel of 20 genes encoding various
components of the immune response in the lungs of vac-
cinated animals (Table 2). These genes encode for proteins
associated with theTh1, Th2, orTh17 type immune response,
which are key components of the host response during
pulmonary Mtb infection [15, 16]. The qPCR results showed
similar level and directionality of expression for the majority
of the tested genes, including Il1a, Il1b, Il10, Il13, Il12a, Il12b,
Il18ra, Tgfb, Timp1, Il1r2, and Nos2 in the ΔbfrB or BCG
vaccinated mice lungs. However, expression of chemokine
genes Ccl2, Ccl7, Ccl12, Cxcl1, Cxcl3, Cxcl5, and Cxcl11 were
elevated in the ΔbfrB, compared to BCG, vaccinated mice
lungs, though the differences were not statistically significant
for any of these genes (𝑃 > 0.05). Taken together, vaccination
withΔbfrB appear to elicit a similar host immune response as
BCG, though elevated chemokine expression associated with
cell recruitment could contribute to increased cellularity in
the lungs of ΔbfrB vaccinated animals.

4. Discussion

Primary immunity to Mtb infection in mice and humans
is thought to be dependent on the type-1 T helper (Th1)
cell-responses that produce interferon gamma (IFN-𝛾)
and tumor necrosis factor alpha (TNF𝛼) which activate
macrophages within the granuloma and contribute to the
control of intracellular Mtb growth [17]. However, vaccine
strategies that target increased Th1 response and IFN-𝛾
generation did not lead to enhanced protection against Mtb
infection [18]. These findings have highlighted the need to
identify new correlates of protection and additional protec-
tive immunemechanisms that can be targeted to improve the
efficacy ofMtb vaccines [19, 20]. In this study, we investigated
the potential of the attenuated Mtb ΔbfrB strain to confer
protection against aerosol challenge with virulent Mtb in a
mousemodel. Due to the effects of the bfrBmutation onMtb’s
iron homeostasis [3], expression of genes regulated directly
or indirectly by iron is altered in the ΔbfrB (Rodriguez G.M,
unpublished). We hypothesized that the protective immune
response stimulated in mice upon infection by ΔbfrB strain
could be due to the host cell exposure to specific antigens,
which might not be normally expressed by the wild type
strain. Importantly, ΔbfrB administered subcutaneously to
mice was attenuated, like BCG, supporting the safety of
vaccination with this strain.The level of protection conferred
by ΔbfrB, measured as reduction in lung bacillary load,
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Table 2: Expression of selected immunity related genes in vaccinated animals.

Genes BCG ΔbfrB Immunity type
Mean∗ SE Mean∗ SE

Il1a 1.28 0.59 1.23 0.57 Th1
Il1b −1.09 0.10 −1.05 0.19 Th1
Il10 1.20 0.21 1.04 0.18 Th2, Th17
Il13 1.11 0.14 1.16 0.15 Th2, Th17
Il12a −5.86 0.10 −2.21 0.28 Th1
Il12b 1.18 0.38 1.17 0.51 Th1, Th17
Il18ra −1.04 0.18 −1.19 0.26 Th1
Ccl2 −1.09 0.11 1.13 0.07 Th17
Ccl7 −8.65 0.10 1.22 0.64 Th2, Th17
Ccl8 −4.12 0.17 5.34 4.82 Th2
Ccl12 1.81 1.04 4.78 3.64 Th17
Cxcl1 −1.72 0.38 7.13 6.25 Th17
Cxcl3 −1.27 0.37 4.92 3.40 Th2
Cxcl5 2.53 1.13 5.11 4.55 Th17
Cxcl11 −1.03 0.12 1.01 0.08 Th1
Tnfa 1.13 0.59 −2.51 0.29 Th1, Th17
Tgfb −1.35 0.36 −1.27 0.41 Th2
Timp1 1.35 0.46 1.43 0.18 Th1, Th17
Il1r2 −1.48 0.22 −1.26 0.21 Th2
Nos2 −2.36 0.13 −1.03 0.39 Th1
∗values shown are average from eight data points (duplicates of 4 animals per group).

was comparable to the standard BCG vaccination both at
4 and 8 weeks postvaccination. In addition, no significant
difference was detected in the expression of a selected group
of immunity related genes in themice lungs, after vaccination
with BCG or ΔbfrB. However, the lung histopathology and
gene expression analysis, determined in animals challenged
at 8 weeks postvaccination, suggested sings of an improved
control of infection in ΔbfrB vaccinated mice, including
reduced inflammation, smaller lung granulomas, and exten-
sive fibrosis. Fibrosis is a part of tissue remodeling after
injury, in which dead cells and debris accumulated during
an inflammatory response are replaced. The repair process
involves a regenerative phase in which injured cells are
replaced by cells of the same type and a fibrosis phase in
which connective tissue replaces normal tissue. In human
pulmonary Tb, resorbing and healing granulomas are char-
acterized by a fibrotic capsule that contains the infection and
prevents dissemination [11]. Mature fibrotic granulomas are
also associated with infection containment and resolution
in some animals models of Tb [21, 22]. Though fibrosis
is not commonly observed in Mtb-infected mice lungs, a
differential fibrotic response was reported between resistant
and susceptible strains of mice [23] and improved control of
Mtb infection in the lungs of IL-10 deficient CBA/J mice was
reported to be associated with fibrosis [24]. In our studies,
increased fibrosis in the ΔbfrB vaccinated mice lungs was
associated with the upregulation of fibrosis and tissue remod-
eling network genes, compared to BCG vaccinated animals.
One of themechanisms underlying the increased fibrosismay
be linked to the upregulation of profibroticTh2-cell responses

[25] in the ΔbfrB, compared to BCG vaccinated, Mtb-
infected mice. This is suggested by the enhanced expression
of Chil3/Ym1 encoding chitinase-3 like 1 protein, which was
the most highly upregulated gene in the ΔbfrB-vaccinated,
Mtb-infectedmice and it is also upregulated byTh2 cytokines
[26, 27]. In addition, Ym1 produced by dendritic cell and
macrophages has Th2-inducing properties [28] and plays a
critical role in inflammation, tissue remodeling, and injury.
It inhibits oxidant-induced lung injury, regulates apoptosis,
stimulates alternativemacrophage activation, and contributes
to fibrosis and wound healing. Taken together, the induction
of Ym1 and its known roles in host immunity, it is possible
that Ym1 and augmentation of Th2 responses may underlie
the increased fibrosis and restricted disease pathology in
ΔbfrB vaccinated, Mtb-infected mice. Future experiments
will investigate that possibility.

The gene expression analyses also suggested downmod-
ulation of inflammatory response in the ΔbfrB vaccinated,
relative to the BCG vaccinated, Mtb-infected mice lungs. In
association with this, the expression pattern of many STAT-1
mediated proinflammatory pathway genes, including Cxcl10
(IP-10) and Ccl20 that are considered biomarkers of active
Tb disease, were also downregulated in the ΔbfrB vaccinated
mice lungs [29, 30]. In contrast, expression of PCmetabolism
genes was upregulated in the lungs of ΔbfrB vaccinated mice.
PC has been shown to have anti-inflammatory effects; it
inhibits TNF-𝛼 induced proinflammatory responses, includ-
ing actin filament assembly, activation of NF-𝜅B, and synthe-
sis of proinflammatory cytokines [31].
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Taken together, the modulation of disease pathology and
associated gene expression profile observed in the lungs of
ΔbfrB vaccinated, compared to BCG vaccinatedMtb-infected
mice, suggests that the immune response induced by the anti-
genic repertoire expressed byΔbfrB is distinct to that induced
by BCG and it may be more effective in controlling the
immunopathology during Mtb infection, thus, contributing
to a better control of the disease. Further studies to determine
the innate and adaptive immune response as well as cytokines
and chemokines induced by ΔbfrB compared to BCG, will
help to define specific mechanisms underlying the protection
elicited by ΔbfrB.

5. Conclusions

Theattenuated ferritinmutant ofMtb (ΔbfrB) is able to confer
protection against aerosol infection with a virulent strain
of Mtb. The results shown in this study suggest that, com-
pared to BCG vaccination, reduced inflammation, limited
immunopathology, and enhanced resolution of inflammation
manifested as increased fibrosis are associated with the
protection provided by ΔbfrB vaccination.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

Authors’ Contribution

Selvakumar Subbian and Ruchi Pandey contributed equally
to this paper.

Acknowledgments

The authors would like to thank Saleena Ghanny for her
technical assistance with the microarray experiments. This
work was supported by NIH Grant AI044856 (GMR).

References

[1] G. M. Rodriguez, “Control of iron metabolism in Mycobac-
terium tuberculosis,” Trends in Microbiology, vol. 14, no. 7, pp.
320–327, 2006.

[2] R. Prados-Rosales, B. C. Weinrick, D. G. Piqué, W. R. Jacobs Jr.,
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The phenotype and functional properties of antigen-presenting cells (APC), that is, circulating monocytes and generated in vitro
macrophages and dendritic cells, were investigated in the patients with pulmonary tuberculosis (TB) differing in lymphocyte
reactivity toM. tuberculosis antigens (PPD-reactive versus PPD-anergic patients). We revealed the distinct impairments in patient
APC functions. For example, the monocyte dysfunctions were displayed by low CD86 and HLA-DR expression, 2-fold increase
in CD14+CD16+ expression, the high numbers of IL-10-producing cells, and enhanced IL-10 and IL-6 production upon LPS-
stimulation.Themacrophages which were in vitro generated from peripheral blood monocytes under GM-CSF were characterized
by Th1/Th2-balance shifting (downproduction of IFN-𝛾 coupled with upproduction of IL-10) and by reducing of allostimulatory
activity in mixed lymphocyte culture. The dendritic cells (generated in vitro from peripheral blood monocytes upon GM-CSF +
IFN-𝛼) were characterized by impaired maturation/activation, a lower level of IFN-𝛾 production in conjunction with an enhanced
capacity to produce IL-10 and IL-6, and a profound reduction of allostimulatory activity. The APC dysfunctions were found to be
most prominent in PPD-anergic patients. The possible role of APC impairments in reducing the antigen-specific T-cell response
toM. tuberculosis was discussed.

1. Introduction

The immune response againstM. tuberculosis (Mtb) is a com-
plex process which involves many components of immune
system. Professional antigen-presenting cells (APCs), includ-
ing monocytes/macrophages and dendritic cells (DCs), play
a major role in generating a protective immune response
against Mtb by presenting antigens to T cells, recruiting
immune cells at the site of infection, and directing T-cell
response [1–3]. Therefore, functional impairments of APCs
are considered to be an important mechanism of immune
escape leading to Mtb persistence. Defective functions of
APCs can be caused by a direct effect of Mtb on expression
of surface molecules and production of cytokines by infected
macrophages and DCs [4, 5]. Mtb impairs DC maturation,
reduces their ability to present mycobacterial antigens and

to stimulate specific CD4+ T cells, inhibits secretion of
IL-12 by DCs, and increases production of IL-10 which is
able to suppress T-cell response and migration of DCs to
draining lymph nodes [6–10]. Interaction of macrophages
with pathogen causes pronounced alterations of phagosome
function and suppresses their antigen-presenting function
through the inhibition of synthesis and expression of MHC
class II molecules [11–14].

Importantly, blood monocytes represent an important
source of APCs capable of migrating to the infected site
and differentiating into macrophages and DCs. Despite
the absence of direct infection of circulating monocytes
with Mtb many studies reported an altered phenotype and
functions of monocytes in pulmonary tuberculosis [15–17].
Given an important role of monocytes as precursors of
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DCs and macrophages, their dysfunctions can result in pro-
nounced impairments of monocyte-derived DCs (MDDC)
and monocyte-derived macrophages (MDM).

In the present study we investigated whether blood
monocytes, MDM and MDDC obtained from TB patients
and healthy donors, differed in any significant way. Besides
we attempted to clarify whether impairments of antigen-
presenting function and cytokine secretion are similar in
different APC types and how they are related to the defect
of the antigen specific T-cell response in pulmonary tuber-
culosis. As T-cell impairments in pulmonary TB patients
are manifested in vitro by downregulation of proliferative
activity and/or production of IFN-𝛾 in response to tuberculin
purified protein derivative (PPD) [6, 18], the comparative
analysis of APCswas conducted not only betweenTBpatients
and healthy subjects, but also between PPD-anergic and
PPD-reactive patients.

2. Materials and Methods

2.1. Patients. Thepatientswith active pulmonary tuberculosis
(TB) were recruited from Novosibirsk Tuberculosis Clin-
ical Hospital No. 1. The study involved 192 patients with
pulmonary TB (125 males and 67 females aged from 20
to 64 years) including 68 with fibrocavernous, 100 with
infiltrative, and 24 with disseminated TB. Positive for M.
tuberculosis sputum specimens were revealed in 123 patients.
Multidrug resistance (MDR) was registered in 69 patients.
The TB patients underwent the standard antimicrobial treat-
ment, including first-line drugs (combination of tubazid,
rifampicin, streptomycin, ethambutol, and pyrazinamide)
and in patients with MDR the second-line drugs (the com-
bination of fluoroquinolones with amikacin or kanamycin,
capriomycin, and cycloserine).The control group included 90
sex- and age-matched healthy subjects. The signed informed
consent was obtained before the examination from all the
patients.

2.2. Isolation of Cells and Evaluation of Proliferative Response.
Mononuclear cells (MNCs) were isolated from heparinized
venous blood by Ficoll-Verographin density gradient cen-
trifugation and cultivated in 96-well plates (0.1 × 106 per
well) in RPMI-1640 (Sigma-Aldrich, USA) medium, com-
pleted with 0.3mg/mL L-glutamine, 5mM HEPES buffer,
100 𝜇g/mL gentamycin, and 10% inactivated human AB
serum. In order to stimulate cell proliferative response,
tuberculin-purified protein derivative (PPD) was used in a
dose of 50 𝜇g/mL. Proliferation intensity was evaluated on
the 6th day based on 3H-thymidine incorporation (1𝜇Ci per
well), adding 18 hours before the end of cultivation. Depend-
ing on proliferative response level, patients were divided into
2 subgroups: those with retained (>12,500 cpm; PPD-reactive
TB patients) and those with reduced (<12,500 cpm; PPD-
anergic TB patients) response to PPD.

2.3. Isolation of Monocytes and Generation of Monocyte-
Derived Macrophages and Monocyte-Derived Dendritic Cells.
Monocytes (Mo) were isolated in 6-well plates (Nuclon,

Denmark) by adhesion of MNCs (3 × 106 cells/mL) to the
plastic in the presence of 5% human AB serum. Monocyte-
derived macrophages (MDM) were generated by culturing
adherent fraction of MNCs during 7 days in RPMI-1640
medium completed with 5% autoplasma, 2% fetal calf serum
(FCS, Biolot, Russia), 2-mercaptoethanol (5 × 10−5M, Serva,
Germany), pyruvate Na (2 × 10−3M, Sigma-Aldrich, USA),
and 1% nonessential amino acid solution in the presence
of GM-CSF (50 ng/mL, Sigma-Aldrich, USA). In 7 days
macrophages were harvested using 0.25% trypsin/EDTA
solution. Monocyte-derived dendritic cells (MDDC) were
generated by culturing adherent fraction of MNCs during 4
days in RPMI-1640 medium with 5% FCS in the presence
of GM-CSF (40 ng/mL) and IFN-𝛼 (1,000U/mL, Roferon-A,
Roche, Switzerland), followed by maturation over 24 hours
in the presence of 10𝜇g/mL lipopolysaccharide (LPS E. coli
0111:B4, Sigma-Aldrich, USA).

2.4. Phenotypic Analysis of Mo, MDM, and MDDC. Evalu-
ation of surface markers expression on antigen-presenting
cells was conducted with phycoerythrin- (PE-) labeled mon-
oclonal anti-CD14 antibodies and FITC-labeled anti-CD16,
CD25, CD83, CD86, andHLA-DR (PharMingen, USA) using
flow cytofluorometry (FASC Calibur, Becton Dickinson,
USA). To evaluate CD14+CD16+ cells, Mo were incubated
with FITC-labeled anti-CD16 and PE-labeled anti-CD14 anti-
bodies and then two-color cytometry analysis was conducted.

2.5. Intracellular Cytokine Assay. The estimation of intra-
cellular expression of TNF-𝛼 and IL-10 in CD14+ Mo was
performed by flow cytometry assays using permeabilization
of cells. The number of cells with intracellular expression
of TNF-𝛼 or IL-10 was estimated in monocytic gate using
PerCP-labeled anti-CD14, FITC-labeled anti-TNF-𝛼, and PE-
labeled anti-IL-10 antibodies (Becton Dickinson).

2.6. The Estimation of Cytokine-Secreting Activity of Mo,
MDM, and MDDC. The cytokines were assessed in 7-day
MDM culture supernatants and in 5-day MDDC culture
supernatants which were collected and stored at −80∘C until
measurement. The concentrations of TNF-𝛼, IFN-𝛾, IL-6,
IL-10, and IL-18 were evaluated by commercial ELISA kits
(Vector-Best, Russia). The production of IL-6 and IL-10 was
measured in Mo cultures which were harvested, washed,
and then cultivated for additional 48 h with or without LPS
(10 𝜇g/mL).

2.7. Evaluation of Allostimulatory Activity of MDM and
MDDC. Allostimulatory activity of MDM and MDDC was
evaluated in mixed lymphocyte culture (MLC) after cultiva-
tion of donorMNCs (0.1× 106/well) in round-bottom 96-well
plates in the presence of allogeneic antigen-presenting cells
from donors or TB patients in the ratio 10 : 1. Proliferation
intensitywas evaluated using radiometry on the 5th day based
on 3H-thymidine incorporation.

2.8. Statistical Analysis. Statistical analysis was carried
out using software package “Statistica 6.0.” To reveal
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Figure 1: Surface antigen expression on circulatingmonocytes obtained from peripheral blood of TB patients (a), PPD-reactive (b) and PPD-
anergic (c) TB patients. Open histogram represents stained cells (patient Mo) and the filled histogram represents isotype specific control.

significant difference of values compared, nonparametric
Mann-Whitney U test was employed. The level of 𝑃 < 0.05
was considered significant. Spearman rank correlation was
used to investigate relationships between characteristics.

3. Results

Phenotypic analysis of freshly isolated monocytes (Table 1,
Figure 1) revealed that monocytes from TB patients had
a lower number of HLA-DR+ and CD86+ cells. Mono-
cytes obtained from both PPD-reactive and PPD-anergic
patients showed a decrease inHLA-DRandCD86 expression.
Besides, TB patients demonstrated a significant increase
in CD14+CD16+ monocytes, the level of which on average
twice exceeded that of healthy subjects. The most pro-
nounced increase in CD14+CD16+ monocytes was revealed
in the PPD-anergic patients. The elevated rate (>17%) of

CD14+CD16+ cells in this group (62%, 16/26) was observed
twice oftener than among patients with the undiminished
proliferative MNC response to PPD (26%, 10/39, 𝑃TMΦ =
0.04).

An evaluation of intracellular cytokine expression
showed that monocytes from TB patients were characterized
by a 3-fold decrease of TNF-𝛼-secreting cells and a 6-fold
increase of IL-10 secreting cells as compared to monocytes
from healthy subjects (Figure 2). What is more, there
appeared to exist an inverse correlation (𝑟

𝑆
= −0.62,

𝑃
𝑆
< 0.01; 𝑛 = 19) between the numbers of CD14+CD16+

cells and TNF-𝛼+ monocytes.
To ascertain whether an increase in IL-10+ mono-

cytes was accompanied by an increased production of
immunosuppressive/anti-inflammatory cytokines we addi-
tionally evaluated the production of IL-10 and IL-6 in 48-
hour monocyte cultures. Concentrations of IL-6 and IL-10
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Table 1: The phenotypic characteristics of monocytes obtained from peripheral blood of healthy donors and TB patients.

Markers (%) Healthy donors TB patients
All patients PPD-reactive patients PPD-anergic patients

CD14+CD16+ 8.9 ± 1.2 (15) 18.0 ± 1.2 (65)∗ 15.4 ± 1.0 (39)∗ 21.4 ± 2.4 (26)∗#

HLA-DR+ 84.1 ± 1.5 (10) 69.7 ± 1.8 (72)∗ 69.8 ± 2.2 (50)∗ 69.1 ± 3.7 (22)∗

CD86+ 66.1 ± 4.5 (9) 48.3 ± 4.9 (18)∗ 48.6 ± 5.4 (12)∗ 40.5 ± 4.6 (6)∗

The relative numbers of Mo (M ± S.E.) expressing different markers were presented in healthy donors and TB patients (the whole group), including PPD-
reactive and PPD-anergic TB patients. The number of cases is indicated in parentheses. ∗𝑃

𝑈
< 0.05 (Mann-Whitney 𝑈-criterion) with healthy donors; #𝑃

𝑈
<

0.05 between PPD-reactive and PPD-anergic TB patients.
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Figure 2: The spontaneous intracellular expression of TNF-𝛼 and
IL-10 in donor (𝑛 = 8) and TB patient (𝑛 = 8) circulating CD14+
monocytes. The data are presented as M ± S.E. ∗𝑃

𝑈

< 0.05 (Mann-
Whitney U-criterion) between healthy donors and TB patients.

in LPS-stimulated supernatants from patient monocyte cul-
tures (Table 2) were significantly higher than in donor
cultures. Notably, the most pronounced increase of LPS-
induced production of IL-6 and IL-10 was registered in PPD-
anergic patients. The obtained data showed TB infection
is associated with a decrease in proinflammatory and an
increase in anti-inflammatory/immunosuppressive activity
which resulted in suppressing of PPD-response.

Considering the monocyte dysfunctions in TB patients,
we further investigated the monocyte-derived macrophages
(MDM).MDMviability on 7th day was no lower than 90% in
all experiments.MDMyieldwas found to be similar in donors
andTBpatients (29,000± 4,000 and 31,000± 5,000/106MNC,
resp.). Phenotypic analysis (Table 3) showed that both donor
and patient MDM were highly positive (about 80%) for CD
14. MDM from TB patients with PPD-anergy displayed a sig-
nificant decrease of HLA-DR+ and CD86+ cells, whereas the
expression of these molecules on MDM from PPD-reactive
patients did not differ from that of donors. In contrast to
monocytes, an increased number of MDM expressing CD16
(about 50%) was found in patients with the intact response to
PPD that was significantly higher than in donors and patients
with lowered PPD-induced proliferative response.These data
mean the regulatory functions of CD16+ monocytes and
CD16+MDM could differ. Thus, MDM from patients with an
adequate antigen-specific response do not differ in expression
of antigen-presenting and costimulatory molecules from

donor MDM while MDM from PPD-anergic patients show
a lowered expression of molecules necessary for an effective
antigen presentation and T-lymphocyte costimulation.

An important function of MDM during immune
response is cytokine production. An analysis of cytokine
concentration in 7-day patient MDM cultures did not
reveal a significant difference in the TNF-𝛼, IL-6, and IL-18
levels as compared to healthy individuals. At the same
time MDM from PPD-reactive and PPD-anergic patients
displayed a 10-fold decrease of IFN-𝛾 production. However,
concentration of IL-10 in MDM cultures from PPD-anergic
patients was 3 times higher than in MDM cultures from
healthy subjects and PPD-reactive patients. These results
testified to a higher MDM immunosuppressing potential in
patients with decreased PPD response.

An evaluation of MDM allostimulatory activity in a
mixed lymphocyte culture revealed that macrophages from
PPD-reactive patients, similar to donor MDM, effectively
stimulated the proliferation of allogeneic MNC (Table 4).

At the same time a proliferative response of alloantigen-
stimulated T-lymphocytes induced by MDM from PPD-
anergic patients was almost 6 times lower as compared to
donors (𝑃

𝑈
< 0.05). Thus, the lowered expression of antigen-

presenting and costimulatory molecules and the increased
level of IL-10 production by MDM obtained from PPD-
anergic patients were associated with a decreased macro-
phage ability to stimulate T-cell proliferation in a mixed
lymphocyte culture.

Thereafter, we compared phenotypic and functional
properties of monocyte-derived dendritic cells (MDDC) in
TB patients and healthy individuals. Donor and patient
MDDCyield didnot differ and comprised accordingly 27,000 ±
7,000 and 35,000 ± 6,000/106MNC. In addition, donor and
patient MDDC did not vary in the number of HLA-DR+
and CD83+ cells (Table 5). Nevertheless, patient MDDCwere
characterized by an increased level of CD14+ cells more
pronounced in PPD-anergic patients and a decreased level of
CD25+ cells registered in patients with both a lowered and an
intact proliferative response of MNC to PPD.

Evaluation of cytokine levels in 5-dayDCcultures showed
that patient MDDC were characterized by an increased
production of IL-6 and Il-10 and highly decreased level of
IFN-𝛾 (Table 4). It is typical that IL-10 production in MDDC
cultures from PPD-anergic patients was significantly higher
than in MDDC cultures from PPD-reactive patients. When
investigating MDDC allostimulatory activity, we discovered
that patientMDDCpossessed an impaired ability to stimulate
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Table 2: The production of cytokines by Mo obtained from peripheral blood of healthy donors and TB patients.

Cytokine
(pg/mL) Stimulator Healthy donors

(𝑛 = 8)

TB patients
All patients
(𝑛 = 17)

PPD-reactive patients
(𝑛 = 8)

PPD-anergic patients
(𝑛 = 9)

IL-6 0 1,509 ± 781 2,995 ± 390 2,748 ± 756 3,206 ± 374
LPS 1,902 ± 720 4,015 ± 315∗ 3,596 ± 708 4,329 ± 146∗

IL-10 0 27 ± 17 59 ± 12.8 59 ± 19.4 58 ± 18.1
LPS 70 ± 30.9 201 ± 44.7∗ 166 ± 65.5 233 ± 62.8∗

The average values (M ± S.E.) of spontaneous (0) and LPS-stimulated (LPS) cytokine production in 48-hour cultures of monocytes (105/per well) obtained
from peripheral blood of healthy individuals and TB patients were presented. ∗𝑃

𝑈
< 0.05 (Mann-Whitney 𝑈-criterion) with healthy donors.

T-cell proliferative response in mixed lymphocyte cultures
(Table 4). The most pronounced defect of MDDC allostim-
ulatory activity was found in PPD-anergic patients.

4. Discussion

Our data conclusively show that in TB patients phenotypic
and functional disorders are typical both for circulating
monocytes and forMDM andMDDC. Our results displaying
a decrease in HLA-DR+ and CD86+ monocytes and an
increase in CD14+CD16+ cells in pulmonary tuberculosis
confirm the results of other investigators [19, 20]. Balboa
et al. showed that CD14+CD16+ cell functions could sig-
nificantly differ depending on their localization [17]. For
example, CD16+ monocytes in pleural effusion represent
effective APCs since these monocytes express receptors for
Mtb recognition and antigen presentation (DC-SIGN, MR,
CD11b, and CD1b). At the same time increase in peripheral
blood CD16+ monocytes is associated with the severity of
pulmonary TB. In this respect our data showing a more
pronounced augmentation of CD14+CD16+ monocytes in
PPD-anergic patients which differ by higher severity [18]
is still another argument of an unfavorable prognostic role
of CD16+ monocytes in pulmonary tuberculosis. We should
note that CD14+CD16+ monocytes are characterized by an
increased proinflammatory activity [21] and according to
Balboa the number of these cells in circulation correlates with
TNF-𝛼 level in blood plasma [17]. Nevertheless, we found
an inverse correlation (𝑟

𝑆
= −0.62, 𝑃 < 0.01) between the

number of CD14+CD16+ cells and a percentage of monocytes
with an intracellular TNF-𝛼 expression. Earlier we showed
that the number of IL-10+ cells within CD16+ population is
significantly higher in TB patients than in healthy subjects
[15].These data togetherwith our present results showing that
the most pronounced increase of CD14+CD16+ cells in PPD-
anergic patients was associated with the highest increase of
IL-10 can testify to a high monocyte suppressive activity and
its crucial role in suppressing an antigen specific response.

We should note that monocyte alterations were found in
TB patients regardless of the level of antigen specific response
though some parameters (i.e., the number of CD14+CD16+
cells, IL-6 and IL-10 production) were more pronounced
in PPD-anergic patients. At the same time an impaired
macrophage function (i.e., a decreased number of CD86+
and HLA-DR+ cells, an increased IL-10 production, and

a decreased ability to stimulate allogeneic T-cell proliferation)
was only typical for MDM from PPD-anergic patients.

The main approach to study macrophages during TB
in humans is an analysis of how Mtb interferes with these
cells. MDM generated in the presence ofMtbwere previously
observed to have decreased MHC class II, CD68, CD86, and
CD36 expression [16]. Additionally,Mtb-infected monocyte-
derived macrophages were found to produce the immuno-
suppressive cytokine IL-10 which inhibited IL-12 secretion
[2]. Nagabhushanam et al. showed that IL-6 secreted byMtb-
infected macrophages inhibits the responses to IFN-𝛾 [12],
thus limiting the ability of IFN-𝛾 to stimulate macrophages
to killMtb. In the present study we were the first to describe
the properties ofmonocyte-derivedmacrophages from active
TB patients and to show that an impairment of monocyte-
derived macrophages is similar to the impairment observed
upon infecting macrophages withMtb.

In contrast to MDM, MDDC dysfunction was found in
both PPD-anergic and PPD-reactive patients, but it wasmore
pronounced in patients with a decreased PPD response. Ear-
lier Rajashree et al. showed that TB patient MDDC generated
with GM-CSF and IL-4 are characterized by downregulation
of CD1a, MHC class II, CD80, and CD83 expression and
impaired allostimulatory activity [22]. In turn, Balboa et
al. showed that the impairment of DC maturation in GM-
CSF and IL-4 cultures was caused by a high content of
CD16+monocytes [23] which differentiated into aCD1a−DC-
SIGNlow population characterized by a poor mycobacterial
Ag-presenting capacity. In our study we generated MDDC
with GM-CSF and IFN-𝛼. This type of DCs has a number
of phenotypic and functional differences from IL-4-derived
DCs [24–26]. At the same time, a typical feature of MDDC in
our studywas a decreased ability to stimulate allogeneic T-cell
proliferation. Thus, DC impairments were revealed not only
in IL-4-derived DCs but also in IFN-derived cells.

A commonMDM/MMDC functional defect is an impair-
ment of their secretory activity (IFN-𝛾 production deficit
in couple with an increased IL-10 secreting activity) and a
decreased ability to stimulate allogeneic T-cell proliferation.
The cell-mediated immune response is known to be critical
in the host defense against Mtb. Activated T helper 1 (Th1)
lymphocytes play an important role in granuloma formation
and through production of IFN-𝛾 stimulate the antimicrobial
activity of infected macrophages, allowing intracellular bac-
terial killing. In contrast, IL-10 inhibits antimicrobial effector
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mechanisms, the expression of costimulatory molecules,
and the production of proinflammatory cytokines by APCs
[27]. It is well known that IL-6 can induce naı̈ve CD4+ T-
lymphocyte polarization toward the Th2, and IL-10 is an
inhibitor of Th1 cells [2, 27]. In this respect the imbalance
of IFN-𝛾/IL-10, IL-6 production typical for APCs in TB
patients is apparently a cause of low antigen-specific response
in PPD-anergic patients. As an additional mechanism of
PPD-anergy in TB, we can consider a decreased expression
of antigen-presenting and costimulatory molecules in APCs
which causes an impairment of their antigen-presenting
function. Indeed, we found the most expressed inhibition of
macrophage and DC allostimulatory activity in PPD-anergic
patients.

5. Conclusions

The phenotype and functional properties of antigen-
presenting cells, that is, circulating monocytes and in vitro
generated macrophages and dendritic cells, are altered in TB
patients. These impairments are most pronounced in PPD-
anergic patients and may be the cause of low antigen-specific
T-cell response.
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6Université Lille Nord de France, 59019 Lille, France
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Tuberculosis remains an enormous global burden, despite wide vaccination coverage with the Bacillus Calmette-Guérin (BCG), the
only vaccine available against this disease, indicating that BCG-driven immunity is insufficient to protect the human population
against tuberculosis. In this study we constructed recombinant BCG producing human IL-18 (rBCGhIL-18) and investigated
whether human IL-18 produced by rBCGhIL-18 modulates DC functions and enhances Th1 responses to mycobacterial antigens
in humans. We found that the costimulatory CD86 and CD80 molecules were significantly upregulated on rBCGhIL-18-infected
DCs, whereas the stimulation of DCs with nonrecombinant BCG was less effective. In contrast, both BCG strains decreased the
DC-SIGN expression on humanDCs.The rBCGhIL-18 increased IL-23, IL-10, and IP-10 production by DCs to a greater extent than
nonrecombinant BCG. In a coculture system of CD4+ T cells and loaded DCs, rBCGhIL-18 favoured strong IFN-𝛾 but also IL-10
production by naive T cells but not by memory T cells. This was much less the case for nonrecombinant BCG.Thus the expression
of IL-18 by recombinant BCG increases IL-23, IP-10, and IL-10 expression by humanDCs and enhances their ability to induce IFN-𝛾
and IL-10 expression by naive T cells, without affecting the maturation phenotype of the DCs.

1. Introduction

The global burden of mycobacterial infections is still one
of the major public health concerns, despite the widespread
use of the Bacillus Calmette-Guérin (BCG) vaccine, which
confers good protection against disseminated childhood
tuberculosis (TB), but provides variable protection against
pulmonary disease in adults.

There is good evidence that the protection obtained by
BCG vaccination declines with age. Thus, improved vaccines
are desperately needed, but their development is hampered
by the insufficient knowledge of the immune protection
mechanisms. One approach to develop a new TB vaccine
is improving BCG by the expression of immune modula-
tors for superior targeting of immune pathways, which are
essential in protective immunity [1]. TheTh-1 responses have
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long been recognized as essential mechanisms of protection
against mycobacterial diseases, including tuberculosis [2, 3].
Interleukin 18, first described in 1989 as “IFN-𝛾-inducing
factor,” initially isolated from the serum of M. bovis BCG-
infected mice challenged with LPS [4], is considered to play
a significant role in promoting Th1 responses. It is produced
by activated macrophages and dendritic cells (DCs) but also
by T and B cells and many other cell types [5–7]. IL-18
can be a potent therapeutic tool against severe bacterial
infections [8]. Moreover, it has been shown that systematic
administration of IL-18 enhances the regression of well-
established primary tumors by a mechanism that depends on
CD8+ T cell, Fas/FasL, and endogenous IFN-𝛾, particularly
in combination with other cytokines [9–11]. However, recent
studies have shown that exogenous IL-18 given to mice
induced an exaggerated inflammatory reaction, which led to
adverse effects including neutrophil-mediated lung and/or
intestinal injuries [12]. It may limit the potential use of IL-18
as a therapeutic agent in humans. To overcome this difficulty,
we hypothesized that a bacterial construct producing a
small amount of IL-18 could directly modulate the antigen
presentation by DCs for the upregulation of Th1 responses,
yet avoiding the potential harmful effects of exogenous IL-
18. BCG bacilli, which are strong Th1 inducers, seem to be a
useful platform for IL-18 expression. IL-18 has been shown
to enhance the host defense against mycobacterial infections
[13–15].Mice deficient for IL-18, but not for the IL-18 receptor,
are highly susceptible to M. tuberculosis infection [16]. In
mice, BCG can synergize with IL-18 for IFN-𝛾 production,
potentially leading to enhanced protective immunity against
mycobacteria [17]. The synergistic effect of IL-18 on IFN-
𝛾 production depends on the IL-18 receptors expressed on
Th1 but not on Th2 cells [18]. It was observed that infection
of mice with recombinant BCG strain producing murine
IL-18 (rBCGmIL-18) strongly enhanced the ability of BCG
to polarize the immune response towards a Th1 type [19].
In a mouse model of MBT-2 superficial bladder cancer,
recombinant BCG secreting IL-18 also enhancedmacrophage
cytotoxicity against cancer cells in an IFN-𝛾 dependent
manner [20]. In amurine experimental allergic asthmamodel
rBCGmIL18 was shown to be more efficient in suppressing
allergen-driven pulmonary Th2 responses and eosinophilia
than nonrecombinant BCG [21]. IL-18 also augments IFN-
𝛾 in human macrophages infected with M. tuberculosis [22].
However, still little is known about the combined effect of
mycobacteria and IL-18 on human DCs.

In this study, we constructed a recombinant BCG strain
producing human IL-18 (rBCGhIL-18) and examined its
effects on humanmonocyte-derivedDCs (MoDCs), obtained
from healthy young subjects who had been immunized with
BCG at birth and school age. In this human model we
compared the effects of BCG and rBCGhIL-18 on MoDC
taking into account: (a) the expression of cell-surface sig-
naling receptors, which are engaged in the direct interaction
between DCs and T cells, (b) the production of cytokines,
which provide the differentiation of responding T cells,
and (c) the efficient induction of antigen-specific effector
functions of CD4+ T cells.

2. Materials and Methods

2.1. Construction of the Human IL-18 Expression Vector. The
M. bovis BCG vaccine strain 1173P2 (World Health Orga-
nization, Stockholm, Sweden) was genetically modified to
producemature human IL-18 (hIL-18) by transformationwith
pENhIL-18 (Figure 1), a pRR3 derivative [23] containing the
mature hIL-18-encoding gene under the control of the BCG
hsp60 promoter andmodified by replacing the original signal
peptide cleavage sequence with the mycobacterial signal
peptide coding sequence from the BCG 𝛼-antigen.The 512 bp
DNA fragment encoding hIL-18 was obtained by reverse
transcription-PCR on total RNA from U-937 cells activated
for 6 h with LPS (1 𝜇g/mL). Total RNA was extracted using
RNAzol (Applied Oncor) according to the manufacturer’s
recommendation. Reverse transcription-PCRwas carried out
as described previously [17] with the gene-specific primers
with the following sequences: 5-TATAGGATCCTACTT-
TGGCAAGCTTGAA-3 and 5-TATAGGTACCGGCAT-
GAAATTTTAATAGC-3 (Eurogentec, Liège, Belgium).
The 126-bp DNA fragment encoding the 𝛼-antigen signal
sequence was amplified by PCR using chromosomal BCG
DNA extracted as described previously [24] with the primers
5-GGCACAGGTCATGACAGACGTGAGCCGAAAGAT-
TCGA-3 and 5-GCCGGGATCCCGCGCCCGCGGTTG-
CCGCTCCGCC-3 (Eurogentec). The PCR fragment encod-
ing hIL-18 restricted by BglII and Asp718 and the PCR
fragment encoding the 𝛼-antigen signal sequence restricted
by BspHI and BamHI were inserted into pUC::hsp60 [24]
restricted by NcoI and Asp718, thereby generating pUC::hIL-
18. The 1.32 kb PvuII fragment from pUC::hIL-18 spanning
the BCG hsp60 promoter, the ribosomal binding site, the
𝛼-antigen signal peptide coding sequence, and the mature
hIL-18 coding sequence, was inserted into pRR3, previously
digested with ScaI. The resulting shuttle vector, pENhIL-
18, was used to transform BCG, and the transformants
were selected by their resistance to Kanamycin. Kanamycin-
resistant BCG colonies were analyzed for their plasmid
content by using electroduction [25].The recombinant strain
was named rBCGhIL-18.

2.2. Detection of HIL-18 in Recombinant Mycobacteria.
Mycobacterial cell extracts were prepared as described pre-
viously [19] from 10mL cultures harvested at mid-log phase.
The proteins in the lysates, corresponding to ca. 5 × 106 bac-
teria, were separated by SDS-PAGE on a 15% polyacrylamide
gel [26]. Total proteins were then transferred onto a Hybond-
C extra membrane (Amersham France). The membrane was
saturated with 1% bovine serum albumin in phosphate-
buffered saline (PBS)—0.1% Tween 20 (PBST) and then
incubated with rabbit anti-IL-18 antiserum diluted 1/2,000.
Goat anti-rabbit alkaline phosphatase-conjugated antibodies
(Promega, Madison, Wis. USA) diluted 1/7.000 in PBST were
then used to develop the immunoblots.

2.3. Bacterial Strains and Growth Conditions. M. bovis
BCG (Pasteur strain 117P2; WHO Stockholm, Sweden) and
rBCGhIL-18 were grown to the mid-log phase in stationary
flasks, at 37∘C in 7H9 Middlebrook liquid medium (Becton
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Figure 1: Construction of pENhIL-18 used to produce and secrete hIL-18 by rBCGhIL-18. White arrows KanR and AmpR represent the
kanamycin and ampicillin resistance genes, respectively. ColE1 represents the origin of replication from E.coli (hatched boxes), and oriM
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mycobacterial plasmid, necessary for replication in BCG.

Dickinson) supplemented with: 10% oleic acid-albumin-
dextrose catalase (OADC) (Difco, BDBiosciences) and 0.05%
Tween 80, and frozen until use.

For the colony forming units (CFU) counts, bacteria were
serially diluted in PBS containing 0.05% Tween 80 and plated
on Middlebrook 7H11 agar supplemented with 10% OADC
enrichment. Bacteria were grown for 3-4 weeks at 37∘C for
CFU enumeration.

2.4. Blood Donors. Blood was collected from 60 young
healthy volunteers aged 25–35, vaccinated with BCG in child-
hood, according to state policy. All studies were approved
by the local Ethic Commitee. Healthy volunteers signed
the consent for the participation in the study before blood
collection.

2.5.Monocyte-DerivedDCPreparation. Peripheral bloodwas
obtained using vacutainer tubes with spray-coated hep-
arin (Becton Dickinson). Monocytes were separated from
PBMC by immunomagnetic positive separation using CD14+

Microbeads (Miltenyi Biotech, Germany) [27]. CD14+ cell
purity was determined to be 96% to 99% on the basis of
forward and side scatter gating in conjunction with CD14
staining using standard flow cytometry (data not shown).

Monocytes were suspended in RPMI-1640 (Sigma-
Aldrich, Germany) supplemented with 100 U/mL penicillin,
0.1mg/mL streptomycin and L-glutamine (Polfa Tarchomin,
Poland) and enriched with 10% (v/v) fetal calf serum
(FCS, heat inactivated; Cambrex, Belgium). The density was
adjusted to 1 × 106/mL, and the monocytes were placed
into 6-well flat-bottomed culture plates and allowed to
differentiate into DCs by incubation for 6 days in RPMI-
1640 supplemented with 1% antibiotics and 10% FCS in the
presence of 25 ng/mL human GM-CSF and 10 ng/mL human
recombinant IL-4 (R&D Systems, USA). After 6 days of
culture, the cells were harvested, pooled, and counted.

2.6. Stimulation of DC with BCG, rBCGhIL-18 or Purified
Protein Derivative (PPD). Immature DCs were placed into
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Figure 2: Immunoblot analysis of rBCGhIL-18. Lane 1 contains
100 ng ofmature IL-18.Whole-cell extracts of nonrecombinant BCG
(lane 2) or rBCGhIL-18 (lane 3), each corresponding to an optical
density at 600 nm of 0.2 were subjected to SDS-PAGE and analyzed
by immunoblotting using rabbit anti-IL-18 antibodies. The sizes of
the molecular weight markers are indicated in the left margin, and
the presence of mature IL-18 and pro-IL-18 is indicated by arrows.

6-well plates at a density of 1 × 106 cells/mL and incu-
bated for 24 h (37∘C, 5% CO

2
) with live BCG, rBCGhIL-

18 at a multiplicity of infection (MOI) of 1 : 1 or with
10 𝜇g/mL PPD (Statens Serum Institut, Copenhagen, Den-
mark). Lipopolysaccharide (LPS) from Escherichia coli
O55:B5 (1 𝜇g/mL) (Sigma) was used as positive control of DC
activity andDC inmedium alone (unpulsedDC) represented
the negative control. To assess whether neutralizing anti-
human IL-18 antibodies reduce the effect of rBCGhIL-18
on activating cells, mouse monoclonal anti-human IL-18
antibody (MBL) (1 𝜇g/mL) was added to the culture of
unstimulated and stimulated DC.

2.7. DCs Preparation for Flow Cytometry. The antigen-
stimulated and unstimulated DCs were collected from the 6-
well plate by using PBS/2mM EDTA. After washing in PBS
the DC were incubated for 30min at 4∘C with the following
mAb: fluorescein isothiocyanate (FITC)-conjugated anti-
CD86, anti-CD40, anti-HLA-DR, anti-DC-SIGN; phycoery-
thrin (PE)-conjugated anti-CD80, or an irrelevant isotype-
matchedmAbused as control. AllmAbswere purchased from
Becton Dickinson (BD). Data were acquired and analyzed
using the FACS LSRII (BD) and FlowJo software, a minimum
10,000 events were collected. The calculated mean fluores-
cence intensity represents the molecule density on the cell
surface and the percentage of positive DC for each marker.

2.8. Cytokine and Chemokine Concentration. Supernatants of
1 × 10

6 purified DCs, pulsed or not with BCG, rBCGhIL-
18, PPD, or LPS, were harvested 24 h following stimulation,
centrifuged (400×g for 10min), and stored at−20∘Cuntil fur-
ther used. Supernatants were then tested by the ELISA, (Eli-
pair Diaclone test) for the presence of IL-10, IL-12p70, and
IL-23 (detection sensitivity: 5 pg/mL for IL-10 and IL-12p70;
20 pg/mL for IL-23), human IL-18 (RayBiotech: detection
sensitivity 0.5 pg/mL) and for the presence of IP-10 (CXCL10)
by using specific ELISA (R&D systems: detection sensitivity:
5 pg/mL). The cytokines were quantified by reference to a

standard curve obtained for individual cytokine standards
provided by the manufacturers.

2.9. T Cell Preparation. Autologous naive CD45RA+CD4+
and memory CD45RO+CD4+ cells were isolated from the
eluted CD14− cell fraction by using a naive CD4+ T-cell iso-
lation kit, as previously described [28], or the memory CD4+
T-cell isolation kit (Miltenyi), according to themanufacturer’s
protocol. Both isolated cell fractions (purity > 95%) were
frozen until use.

2.10. DC-T Cell Coculture. The preserved naive and memory
T lymphocytes 1 × 107 cells/mL were thawed and cocultured
with BCG-, rBCGhIL-18-,or PPD- (10𝜇g/mL) primed DC at
a ratio of 10 T cells per one infected DC, for 5 days at 37∘C
with 5% CO

2
. Collected supernatants were tested for IFN-𝛾

and IL-10 production by ELISA using commercially available
kits (Diaclone). The limit of detection was 5 pg/mL for both
IFN-𝛾 and IL-10.

2.11. Statistical Analysis. All data were analyzed using the
STATISTICA 8.0 PL software. Differences between anti-
gens were evaluated for each parameter using nonparamet-
ric Kruskal-Wallis test. When statistical significance was
observed, differences were analyzed byMann-Whitney𝑈 test
(for impaired data) to verify the hypothesis that two analyzed
samples came from two statistically different populations. 𝑃
values < 0.05 were considered significant.

3. Results

3.1. Production and Secretion of hIL-18 by rBCGhIL-18. To
construct rBCGhIL-18, the hIL-18-encoding cDNA was pre-
pared as described previously [19] and modified by sub-
stituting the original IL-18 signal peptide coding sequence
with the mycobacterial secretion signal sequence from the
BCG 𝛼-antigen [29].Themodified hIL-18 cDNAwas inserted
into the expression vector pRR3 [23] (Figure 1) and then
introduced into BCG. The recombinant BCG construction,
named rBCGhIL-18, was found to produce human IL-18, as
shown by immunoblot analyses using an anti-human IL-18
rabbit antiserum. Immunoreactive proteins were detected in
the lysate of rBCG producing hIL-18, but not in the lysate of
the nonrecombinant control strain (Figure 2).The rBCGhIL-
18 extract contained an immune-reactive protein with a size
expected for noncleaved pro-IL-18, as well as bandswhose𝑀

𝑟

are similar to that of mature IL-18, indicating that the pro-
hIL-18 in rBCGhIL-18 is partially processed into the mature
form, similarly to our previous study describing the expres-
sion and immunological activity ofmurine IL-18 produced by
recombinant BCG [19]. The IL-18 expression by recombinant
BCGwas checked during the entire study period, always with
the same results. The concentration of hIL-18 was quantified
by ELISA in cell culture supernatants of BCG- or rBCGhIL-
18-stimulated DC. For the three healthy individuals-tested,
cultures contained 5–10 pg/mL and 18–22 pg/mL hIL-18, after
24 h stimulation with BCG or rBCGhIL-18, respectively.
Unstimulated cultures contained only 3–7 pg/mL hIL-18.
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Figure 3: CD86 surface expression of MoDCs. Human MoDCs were pulsed either with PPD (10𝜇g/mL), BCG (1 : 1), rBCGhIL-18 (1 : 1),
or LPS (1 𝜇g/mL) for 24 h or were left unstimulated (DC). (a) One representative experiment out of 20 independent ones is shown. Grey
histograms represent the cell reactivity to fluorochrome-matched isotype control antibodies. The white histograms represent the reactivity
with the anti-CD86 antibody. The vertical broken lines represent the upregulation obtained by LPS stimulation; (b) percentage of positive
cells with the CD86 expression; (c) median fluorescence intensity (MFI) values (median ± SEM of 20 independent donors). Fluorescence
intensity was calculated by the MFI of the receptor expression from which the MFI obtained with a nonrelevant, isotype-matched antibody
was substracted. Statistical analyses were performed using the Kruskal-Wallis test. ∗𝑃 < 0.05; ∗∗𝑃 < 0.01.

3.2. Maturation Marker Expression by Mycobacteria-Pulsed
DCs. To investigate the effect of rBCGIL-18 on human
monocyte-derived DC maturation, the DCs were pulsed
with rBCGhIL-18, BCG, or PPD and compared to control
conditions (i.e., unstimulated DCs as a negative control, and
LPS-pulsed DCs as a positive control). Various T cell costim-
ulation surface markers (CD86, CD80, and CD40), as well as

HLA-DR expression, were assessed by flow cytometry. LPS
induced the upregulation of CD86 (Figure 3(a)) and CD80
(Figure 4(a)) as well as CD40 andHLA-DR (data not shown),
and the downregulation of DC-SIGN. DC incubation with
PPD did not modify the expression of CD86, CD80, CD40,
and HLA-DR, but downregulated the expression of DC-
SIGN. In contrast, the incubation with either of the two BCG
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Figure 4: CD80 surface expression of MoDCs. Human MoDCs were pulsed either with PPD (10𝜇g/mL), BCG (1 : 1), rBCGhIL-18 (1 : 1),
or LPS (1 𝜇g/mL) for 24 h or were left unstimulated (DC). (a) One representative experiment out of 20 independent ones is shown. Grey
histograms represent the cell reactivity to fluorochrome-matched isotype control antibodies. The white histograms represent the reactivity
with the anti-CD80 antibody. The vertical broken lines represent the upregulation obtained by LPS stimulation; (b) percentage of positive
cells with the CD80 expression; (c) median fluorescence intensity (MFI) values (median ± SEM of 20 independent donors). Fluorescence
intensity was calculated by the MFI of the receptor expression from which the MFI obtained with a nonrelevant, isotype-matched antibody
was substracted. Statistical analyses were performed using the Kruskal-Wallis test. ∗𝑃 < 0.05; ∗∗𝑃 < 0.01.

strains at an MOI of 1 : 1 induced the upregulation of some
of these surface markers and again the downregulation of
DC-SIGN. Moreover, we could detect a higher proportion
of BCG- and rBCGhIL-18-stimulated MoDCs with CD86
expression, as compared to unstimulated DC, and those
incubated with PPD (Figure 3(b)). This difference was not

observed in the case of CD80 (Figure 4(b)), HLA-DR, CD40
markers (data not shown) andDC-SIGN (Figure 5(a)).When
the median of 20 different donors was analyzed, a significant
increase in CD86 expression was observed upon incubation
with BCG or with rBCGhIL-18 compared with untreated DC
and those incubated with PPD (Figure 3(c)). In parallel, a
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Figure 5: DC-SIGN surface expression of MoDCs. Human MoDCs were pulsed either with PPD (10𝜇g/mL), BCG (1 : 1), rBCGhIL-18 (1 : 1),
or LPS (1 𝜇g/mL) for 24 h or were left unstimulated (DC). (a) One representative experiment out of 20 independent ones is shown. Grey
histograms represent the cell reactivity to fluorochrome-matched isotype control antibodies. The white histograms represent the reactivity
with the anti-DC-SIGN antibody.The vertical broken lines represent the upregulation obtained by LPS stimulation; (b) percentage of positive
cells with the DC-SIGN expression; (c) median fluorescence intensity (MFI) values (median ± SEM of 20 independent donors). Fluorescence
intensity was calculated by the MFI of the receptor expression from which the MFI obtained with a nonrelevant, isotype-matched antibody
was substracted. Statistical analyses were performed using the Kruskal-Wallis test. ∗𝑃 < 0.05; ∗∗𝑃 < 0.01.

significant decrease in DC-SIGN expression was observed
upon incubation with BCG, rBCGhIL-18, PPD or LPS,
consistent with a DC maturation phenotype. However, there
was no significant difference between BCG and rBCGhIL-18.
(Figure 5(c)).

3.3. Effect of BCG and rBCGhIL-18 on Cytokine and
Chemokine Production byHumanDCs. Next we analyzed the
cytokine profile of the mycobacterial-pulsed DC that might
affect the T-cell polarization. In particular, we analyzed IL-
12, IL-23, and IL-10 in the supernatants of the DCs incubated

with PPD, BCG, or rBCGhIL-18. In all blood donors, LPS-
primed MoDCs produced significant levels of IL-12p70. In
contrast, DCs infected with BCG and rBCGhIL-18 or stim-
ulated with PPD, failed to secrete IL-12p70 in 6-hour cultures
(data not shown) as well as in 24 hour cultures (Figure 6).
Since bioactive IL-12 consists of p35 and p40 subunits, and
the p40 subunit is also present in other IL-12 family mem-
bers, such as IL-23, we determined the amount of secreted
IL-23 in the supernatants of mycobacterial-stimulated DC
cultures. Among themycobacterial products, only rBCGhIL-
18 induced significant IL-23 production compare to unpulsed
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Figure 6: IL-12p70, IL-10, IL-23, and IP-10 production by stimulated MoDCs. Human MoDCs were stimulated with PPD (10 𝜇g/mL), BCG
(1 : 1), rBCGIL-18 (1 : 1), or LPS (1𝜇g/mL) for 24 h or were left untreated (DC).The cytokine and chemokine levels in the culture weremeasured
by ELISA. Data shown are the mean ± SEM of 40 independent donors. Statistical analyses were performed using the Kruskal-Wallis test.
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𝑃 < 0.05; ∗∗𝑃 < 0.01.

DCs (𝑃 = 0.001), albeit much less than LPS (roughly 1/3 less).
A trend was also seen for nonrecombinant BCG, but did not
reach statistical significance, leading therefore to statistical
significance between BCG and rBCGhIL-18 (Figure 6). In
addition to IL-23, rBCGhIL-18 also induced the production
of IL-10 by the DCs, although significant amounts of IL-10
were also produced upon stimulation with BCG, but not with
PPD. However, rBCGhIL-18 induced significantly more IL-
10 than BCG (𝑃 = 0.001), albeit again much less than LPS.
Finally, rBCGhIL-18 also induced significant levels of IP-10
(CXCL10), known to be involved in Th1 cell recruitment,
whereas this was not the case for PPD or nonrecombinant
BCG, suggesting that rBCGhIL-18 might favor T cell towards
a Th1 profile.

3.4. rBCGhIL-18 Induces IFN-𝛾 and IL-10 Production by Naive
T Cells rather than byMemory T Cells. In order to investigate
whether rBCGhIL-18-pulsed DC can polarize T cells towards
the Th1 profile, we analyzed the cytokine responses of the
autologous naive andmemory CD4+ T cells upon incubation
with DCs stimulated with PPD, BCG, or rBCGhIL-18. As
shown in Figure 7(a), naive T cells produced significantly
more IFN-𝛾 in response to rBCGhIL-18-stimulated DC
coincubation, as compared to T cells incubation with DCs
stimulated with PPD or BCG, both after 24 h and after 96 h
of culture. PPD- or BCG-stimulated DCs induced only low
levels of IFN-𝛾 by the naive T cells. Similarly, rBCGhIL-18-
pulsed DC also stimulated the secretion of IL-10 by naive

T cells, whereas this was much less the case for PPD- or
BCG-pulsed DCs (Figure 7(b)) In contrast to the naive T
cells, memory T cells produced IFN-𝛾 upon coculture with
BCG-, rBCGhIL-18-, or PPD-pulsedDCat comparable levels.
Similar results were obtained for the production of IL-10 by
the T cells. Interestingly, both IFN-𝛾 and IL-10 were produced
at higher levels by naive T cells upon incubation with
rBCGhIL-18-pulsed DC, compared to memory T, whereas
the reverse was seen for IFN-𝛾 upon coculture with PPD-
or BCG-pulsed DCs. There were no differences in the IL-10
production by naive andmemory T cells in response to PPD-
pulsed MoDCs.

The IL-18 specificity of rBCGhIL-18-driven enhancement
of IFN-𝛾 production in DC-naive T cell cocultures was
demonstrated in the anti-IL-18 neutralizing experiments
conducted for three individuals (Figure 8). As shown in
Figure 8, in the presence of the human anti-IL-18 antibody,
the production of IFN-𝛾 by naive T cells was reduced in
response to rBCGhIL-18-stimulated DC coincubation, both
after 24 and 96 h of culture; this was much less the case for
rBCGhIL-18-stimulated DC-memory T cell cultures.

4. Discussion

Previous studies in mice have shown that, in response to
BCG, IL-18might favor theTh1 cytokine production.The syn-
ergistic effects between IL-18 and BCG in IFN-𝛾-dependent
anti-mycobacterial protective immunity have been reported.
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Figure 7: Secretion of IFN-𝛾 (a) and IL-10 (b) by human naive (grey bars) and memory (black bars) T cells following 24 h and 96 h coculture
with PPD- (10 𝜇g/mL), BCG- (1 : 1), rBCGIL-18- (1 : 1), or LPS- (1𝜇g/mL) pulsed autologousMoDCs (ratioMoDCs/T cells, 1 : 10).The cytokine
levels in the cocultures were measured by ELISA. Data shown are the mean ± SEM of 20 independent donors. Statistical analyses were
performed using the Kruskal-Wallis test and Mann-Whitney 𝑈 test. ∗𝑃 < 0.05; ∗∗𝑃 < 0.01.
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Figure 8: Secretion of IFN-𝛾 by human naive and memory T cells following 24 h and 96 h coculture with BCG- (1 : 1), rBCGIL-18- (1 : 1)
pulsed autologous MoDCs (ratio MoDCs/T cells, 1 : 10) in the presence (black bars) of neutralizing human anti-IL-18 antibody or not (grey
bars). The cytokine level in the cocultures was measured by ELISA. One representative experiment out of three independent ones is shown.

The use of recombinant BCG producing IL-18 may be an
attractive tool to polarize immune responses involved in
specific defense mechanisms. Here, we constructed a recom-
binant BCG strain producing human IL-18 and investigated
its effect on DCs and on DC-dependent IFN-𝛾 production
by CD4+ T cells in a human in vitromodel. Live BCG bacilli
producing or not producing human IL-18 were used in the
study to stimulate human DCs.

First, we examined the effect of rBCGhIL-18 on the
expression of cell surface signal transduction receptors on
DCs. IL-18 has been reported to promote the expression of
costimulatory and adhesion molecules on the macrophages
and DCs [30, 31]. Therefore, we examined the effect of
rBCGhIL-18 on the expression of DC surface receptors indis-
pensable in the formation of an immune synapse between
DCs and T cells. We found that rBCGh-IL-18 upregulated
CD86, and to a lesser extent, CD80, while other DC surface
molecules (HLA-DR, CD40) were not upregulated. Nonre-
combinant BCG also increased the expression of these recep-
tors on DCs, which is in contrast to the results reported by
Manickam and Sivanandham [32] showing reduced expres-
sion of CD80 but not CD86 on BCG- or PPD-stimulated
DCs from patients with cervical cancer. The reasons for
the discrepancy between the two studies are not clear and
could be due to different experimental conditions, such as
different MOIs used in the two studies and the health status
of the DCs donors. DC-SIGN surface expression appeared
to be decreased upon incubation of the DCs with PPD,

BCG, rBCGhIL-18, or LPS as compared to unstimulated
DCs. The role of DC-SIGN as an important host ligand in
mycobacterial infection seems to be more complex since
several DC-SIGN ligands on M. bovis BCG have been
described [33]. Some studies have shown thatM. tuberculosis,
M. avium subsp. paratuberculosis andM. bovis BCG can bind
to DC-SIGN to promote entry into human DCs and alveolar
macrophages, in which these bacteria can survive [34, 35]. A
decrease in DC-SIGN expression upon incubation with BCG
may thus have an impact on the mycobacterial uptake and
intracellular survival of mycobacteria.

In the second part, the examination of the cytokine profile
of stimulated DCs revealed no significant effect of live BCG
or rBCGhIL-18 and PPD on IL-12 production, although this
cytokine was induced by LPS-stimulated DCs.The lack of IL-
12 induction is surprising, as M. tuberculosis H37Rv, BCG,
andM. bovis have been described to induce IL-12 production
by murine macrophages and DCs [36, 37]. Other studies
have shown that M. tuberculosis H37Rv and BCG do not
induce IL-12 production in human macrophages and DCs
[38, 39]. The inability of BCG or rBCGhIL-18 to induce IL-
12 by DCs might be related to the IL-10 induction by these
mycobacteria, as endogenous IL-10 was shown to suppress
BCG-driven IL-12 production in DCs, and, in addition,
downregulates the migration of antigen-loaded DCs to the
draining lymph nodes, thereby decreasing antimycobacterial
cellular response [40, 41]. It has also been suggested that IL-
10 is linked with the ability of M. tuberculosis to evade host
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immune responses and mediates long-term infections [42].
In our experimental conditions, we found that rBCGhIL-18
induced significantly more IL-10 by the DCs compared to
nonrecombinant BCG or PPD. Significantly higher levels of
IL-10 have also been shown by spleen cells of mice infected
with recombinant BCG producingmurine IL-18 compared to
splenocytes from mice infected with non-recombinant BCG
[19].

In contrast to IL-12, DCs stimulated with rBCGhIL-
18 produced higher amounts of IL-23, compared to DCs
treated with BCG or PPD. IL-23 is a heterodimeric cytokine,
which shares the p40 subunit with IL-12, but this subunit
is covalently linked to the specific p19 subunit [43, 44].
This cytokine can mediate inflammatory and pathological
processes either by activating Th17 cells or by directly
stimulating macrophages to secrete IL-1, TNF-𝛼, and IL-
6 [45, 46]. Initially, overlapping functions of IL-12 and IL-
23 were postulated for IFN-𝛾 production in PHA blast T
cells, as well as in CD45RO+ memory T cells [44]. Later
studies, both in vitro and in vivo, revealed that IL-23 may
negatively regulate IL-12-induced effector functions. IL-23
strongly reduces IL-12-driven secretion of IFN-𝛾 by CD8+ T
cells, with less prominent effects inNK andCD4+ T cells [47].
Zhang et al. [37] showed thatM. bovis induces preferentially
IL-23 rather than IL-12 by murine bone marrow-derived
DCs. Our results are consistent with these studies, as we
found a slight increase in IL-23 production by BCG-treated
DCs compared to control DCs, although this did not reach
statistical significance.

Among the chemokines involved in the specific attraction
of Th1 cells, CXCL10 (IP-10) was described as the major one
[48, 49]. Enhanced production of IP-10 by DCs stimulated
with mycobacteria has been reported [50, 51], and IP-10
has even been proposed as a biomarker for M. tuberculosis
infection [52]. In this study, we found that the production
of human IL-18 significantly enhanced the ability of BCG
to induce the IP-10 production by DCs, implying that this
might lead to enhanced interactions of DCs with theTh1 cell
population.

We previously reported that circulating naive CD45RA+
CD4+T cells from BCG-vaccinated volunteers become effec-
tor helper cells producing IFN-𝛾 upon stimulation by autol-
ogous DC pulsed with PPD or infected with live BCG [28].

The present results extend these observations showing
significantly enhanced IFN-𝛾 production by naive CD4+
T cells stimulated by rBCGhIL18-infected DCs. The same
DCs induced much weaker production of IFN-𝛾 in memory
CD4+ T cells. However, stimulation of DC with rBCGhIL-
18 or nonrecombinant BCG led to similar levels of IFN-𝛾
production by memory T cells. The strong induction of IFN-
𝛾 secretion by naive T cells incubated with rBCGhIL-18-
stimulated DC in the absence of detectable amounts of IL-12
may have been due to the presence of IL-18R on the surface
of naive T cells. On the other hand, strong IFN-𝛾 production
may lead to the upregulation of IL-18R on DCs [31], which
may result in an optimized cytokine environment for DC
interactions with naive CD4+ T cells and thus enhance Th1
responses.

In cocultures of naive CD4+ T cells and rBCGhIL18-
infected DCs a statistically significant enhancement in IL-
10 production was noticed. Much lower levels of IL-10 were
present in the cocultures of naive T cells with DCs which
were previously exposed to BCG or PPD. This observation
is in agreement with the results reported by Madura Larsen
et al. [39] showing that the interaction between BCG and
DCs leads to the development of naive T cells into IL10-
producing T cells. In a murine model, M. bovis-stimulated
DCs also induced high levels of IL-10 by CD4+ T cells [37].
The discriminating effects of rBCGhIL18-infected DCs on
IL-10 production by naive and memory CD4+ T cells, as
shown in this study, open potential innovative possibilities
for the development of new TB vaccines. In our experimental
model recombinant rBCGhIL18-infected DCs preferentially
induced IL-10 production in naiveCD4+ T cells, whereasDCs
infected with non-recombinant BCG effectively induced IL-
10 production in memory CD4+ T cells.

In conclusion, in the present report, we demonstrated a
remarkable advantage of recombinant rBCGhIL-18 produc-
ing human IL-18 over nonrecombinant BCG in stimulating
human DC to preferentially trigger strong IFN-𝛾 secretion
by naive CD4+ T cells, which is accompanied by moderately
elevated IL-10 production. Although IFN-𝛾 responses are
clearly required for protection against TB, recent studies
have shown a lack of correlation between the degree of
immune protection induced by BCG and IFN-𝛾 production
by CD4+ T cells [53, 54]. In addition, we have recently
observed significantly enhanced IFN-𝛾 responses to specific
antigens ofM. tuberculosis in patients with active tuberculosis
[55]. Thus, antigen-specific IFN-𝛾 responses may both play
an essential role in protection against mycobacteria and
be involved in mycobacteria-driven inflammatory processes.
Thus, the concomitant enhancement of IFN-𝛾 and IL-10
production in cocultures of rBCGhIL-18 stimulated DCs and
naive CD4+ T cells might provide balanced immunizing
effects. Obviously,morework is required to better understand
the relationship between the discriminating activities of
recombinant rBCGhIL-18 producing human IL-18.
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Tuberculous glycolipid (TBGL) is a component of the Mycobacterium tuberculosis cell wall, and anti-TBGL antibodies are used
for serodiagnosis of tuberculosis. Anti-TBGL IgG and IgA levels were measured in 45 pulmonary TB patients (PTB), 26 extra-
pulmonary TB patients (ETB), 16 AIDS-TB patients, and 58 healthy controls (HC) including 39 health care workers (HW) and 19
newly enrolled students (ST). Anti-TBGL IgGmeasurements yielded 68.9% and 46.2% sensitivity in PTB and ETB, respectively, and
81.0% specificity. However, anti-TBGL IgAmeasurements were significantly less sensitive in detecting ETB than PTB (15.4% versus
46.7% sensitivity) but showed up to 89.7% specificity. Samples fromAIDS-TB patients exhibited low reaction of anti-TBGL IgG and
IgA with 6.3% and 12.5% sensitivity, respectively. Unlike anti-lipoarabinomannan (LAM) IgG that was found to elevate in sputum
smearpositive subjects, anti-TBGL IgG and IgA elevated in those with cavitation and bronchiectasis, respectively. Anti-TBGL IgG in
cavitary TB yielded 78.2% sensitivity compared to 57.1% in those otherwise. Meanwhile, higher anti-TBGL IgA titers were observed
in HW than in ST, and increasing anti-TBGL IgG titers were observed in HW on follow-up.Therefore, higher anti-TBGL antibody
titers are present in patients presenting cavities and bronchiectasis and subjects under TB exposure risk.

1. Introduction

In 2013, tuberculosis (TB) infected 9 million new individuals
and caused 1.5 million deaths, making it one of the most
critical infectious diseases worldwide. In terms of the number
of reported cases, China ranks the second after India [1].
However, conventional microscopy is still widely used to
diagnose TB, which renders variable sensitivities of 20–60%
in detecting tubercle bacilli [2]. Moreover, approximately 20%
of active TB cases and all latent TB infection (LTBI) cases
cannot be microbiologically proven, even with fluorescence
microscopy [3].

The specific IgG response to tuberculous glycolipid anti-
gen (TBGL), a combination of trehalose-6,6-dimycolate
(TDM) and minor glycolipids, has been used to diagnose
clinical TB infection in Japan, with approximately 80%
sensitivity and specificity [4, 5]. The WHO Stop TB Strategy
recommends TB screening and diagnostic algorithms should
be implemented at a country level [6]. Previous studies
performed in Japan have found that anti-TBGL IgG and
anti-TBGL IgA titers correlate with cavitation and severities
implicated by chest radiography [7].Therefore, a combination
of TBGL antibody detection and other TB clinical findings
could further improve the accuracy of TB diagnosis [7, 8].
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In a study in the Philippines, elevated anti-TBGL antibody
titers were observed in healthcare workers (HW) with LTBI
[9]. However, no study has evaluated anti-TBGL antibodies
in TB patients or healthy individuals in China. Like TBGL,
lipoarabinomannan (LAM), another glycolipid that consti-
tutes mycobacterial cell walls, has been immensely investi-
gated for its important roles in the immune-pathogenesis of
TB [8–10], albeit limitations of anti-LAM IgG in TB diagnosis
that may mislead diagnosis in about a quarter of cases [10].
Therefore, it is important to evaluate anti-TBGL antibodies
in the context of varied TB pathogenesis attributable to
pulmonary TB (PTB) patients, extrapulmonary TB (ETB)
patients, and AIDS-TB patients.

2. Materials and Methods

2.1. Study Subjects. Blood samples were drawn from adult
subjects (age > 18) recruited from Shanghai Public Health
Clinical Center (SHAPHC), affiliated with Fudan University,
Shanghai, China, between 2008 and 2011, after informed
consent was obtained according to the protocol approved by
the ethics committees from SHAPHC and the Tohoku Uni-
versity School of Medicine, Japan (20121322). PTB, ETB, and
AIDS-TB samples were obtained from hospitalized patients
who had undergone less than 2 weeks of anti-TB treatment.
Bloodwas drawn after diagnosis of TB (Table 1). ETB samples
included samples from patients with 9 different subtypes
of ETB (Table 2). HIV-1 infection in the AIDS-TB patients
was confirmed by detecting HIV-1 antibodies. The healthy
control subjects (HC) recruited included 19 students (ST) and
39 health care workers (HW). The samples used for follow-
up analysis were collected from 16 HW who underwent an
annual checkup from 2009 to 2011. All HC subjects were
diagnosed as free from active TB based on chest radiography
and free from HIV infection at the time of blood collection.

2.2. Anti-TBGL Antibodies. Plasma levels of anti-TBGL IgG
and IgA were measured using a Determiner TBGL Antibody
ELISA kit (Kyowa Medex Co., Ltd., Tokyo, Japan). This assay
uses TBGL antigen which is a combination of trehalose 6,6-
dimycolate (TDM) and hydrophobic glycolipids extracted
fromMTBH37Rv and has been described previously [7].The
cutoff index for anti-TBGL IgG and IgA was set to 2.0U/mL
in accordance with previous studies (Figure 1(a)) [4, 5].

2.3. Anti-LAM IgGELISA. Theanti-LAMIgGELISAmethod
has been previously described [11]. ELISA Nunc MaxiSorp
plates (Thermo Fisher Scientific, Inc., Waltham, MA) [12]
were coated with 100 𝜇L per well of 0.5 𝜇g/mL purified
lipoarabinomannan (LAM) (NACALAI TESQUE, INC.). A
polyclonal antibody from Dr. Makoto Matsumoto (Otsuka
Pharmaceutical Co., Ltd., Tokushima, Japan), which was
made from a LAM immunized rabbit, was used as a positive
control. Serum samples were diluted 100-fold in fetal bovine
serum and incubated in coated well for 1 hour. After being
washed, HRP-conjugated goat anti-human IgG heavy chain
polyclonal antibody (LifeSpan BioSciences, Inc., Seattle, WA)
was diluted 1 : 10,000 in 1% (w/v) BSA in PBS and added as

the secondary antibody to detect anti-LAM IgG. Reactions
were visualized using a TMB HRP substrate kit (KPL,
Inc., Gaithersburg, MD). Optical density (OD) values were
measured at 450 nm. The cutoff for anti-LAM IgG was set
based on Receiver Operating Characteristic (ROC) curve
(Figure 3(c)).

2.4. Statistical Analysis. All data were analyzed using Graph-
Pad Prism 6.0 (GraphPad Software, San Diego, CA). A
nonparametric 𝑡-test was used to determine the significance
of differences between 2 groups with non-Gaussian distribu-
tions. Kruskal-Wallis tests were used to evaluate differences
when more than 2 groups were involved. Dunn’s post hoc
tests were used to evaluate the differences between 2 groups
following the Kruskal-Wallis test. A Chi-square test was
used to test the variances among groups. The results were
considered significant at 𝑝 < 0.05. Paired nonparametric
𝑡-tests were used to compare the differences in the same
samples in the three years of follow-up. Estimated optimal
cutoff for other antibodies was achieved by Youden’s index by
MedCalc (MedCalc Software bvba, Belgium).

3. Results

3.1. Anti-TBGL Antibodies and Anti-LAM Antibodies. For
anti-TBGL IgG, more samples from PTB patients had ele-
vated titers compared to those with AIDS-TB (𝑝 < 0.05) or
compared to HC (𝑝 < 0.0001). Amongst ETB samples, more
samples had elevated titers of anti-TBGL IgG compared to
HC (𝑝 < 0.01) (Figure 1(a)). Of note, there was no difference
in anti-TBGL IgG titers between PTB and ETP samples. For
anti-TBGL IgA, significantly higher titers were observed in
the PTB samples compared to those of other groups (𝑝 <
0.0001 for HC, 𝑝 < 0.001 for AIDS-TB, and 𝑝 < 0.05 for
ETB).However, therewas no difference between ETP andHC
samples or between ETP and AIDS-TB samples (Figure 1(b)).
For anti-LAM IgG, significantly larger number of samples
with higher responses was found amongst those from PTB
patients compared to HC (𝑝 < 0.001) or AIDS-TB (𝑝 <
0.05) patients. Nevertheless, measurements of ETB samples
were not significantly different from those of HC or AIDS-TB
samples for anti-LAM IgG. Unlike that for anti-TBGL IgA, no
difference was observed between the PTB and ETB samples
with respect to anti-LAM IgG (Figure 1(c)).

3.2. Serodiagnosis amongst TB Patients. PTB patients were
grouped in correspondence with the clinical findings listed
in Table 1. Anti-TBGL IgG titers were significantly higher
in patients with cavitation compared to those without such
pathology, and significantly elevated anti-TBGL IgA titers
were observed in subjects with bronchiectasis compared to
those without it (𝑡-test, 𝑝 < 0.05, Figures 2(a) and 2(b)).
However, there were no differences between subgroups for
anti-LAM IgG with respect to chest radiographic findings
(𝑝 > 0.05, Figure 2(c)), in spite of the fact that there
were subjects with positive sputum smears that were higher
anti-LAM IgG responses, which was not observed for anti-
TBGL IgG or IgA (Figure 2(c)). Similar to PTB patients,
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Table 1: Clinical and demographic information of study patients.

Parameter Value for group
PTB ETB AIDS-TB HC

Number of patients 45 26 16 58
Age (years [mean ± SD]) 60.47 ± 18.19 46.83 ± 20.30 45.53 ± 8.02 28.43 ± 5.92

Sex (number of males/number of females) 35/10 11/15 12/3 41/17
Classification (number)

New case 28 21 12 0
Relapsed case 11 4 3 0
Unknown 6 1 1 0

Comorbiditiesa

Chronic diseases 27/17 (61.4) 9/17 (34.6) 5/9 (33.3) n.a
Symptomsa

Cough & chest discomfort 38/6 (86.4) 12/12 (50.0) 8/7 (53.3) 0/58 (0.0)
Fever 14/30 (31.8) 15/9 (62.5) 11/4 (73.3) 0/58 (0.0)
Hemoptysis 12/32 (27.3) 1/23 (4.2) 0/16 (0.0) 0/58 (0.0)
Expectoration 23/21 (52.3) 5/20 (20.0) 0/16 (0.0) 0/58 (0.0)

Chest X-raya

Cavitation 24/20 (54.5) 0/26 (0.0) 0/16 (0.0) 0/58 (0.0)
Pleural effusion 15/29 (34.1) 10/15 (40.0) 5/9 (35.7) 0/58 (0.0)
Lymphadenopathy (BHL) 3/41 (6.8) 3/22 (12.0) 3/11 (21.4) 0/58 (0.0)
Bronchiectasis 13/31 (29.5) 2/23 (8.0) 0/14 (0.0) 0/58 (0.0)

TB screening testa

Smear 23/18 (56.1) 7/14 (33.3) 9/4 (69.2) 0/58 (0.0)
TST 11/6 (64.7) 7/3 (70.0) 1/0 (100.0) 0/58 (0.0)

TB antibodya

Anti-TBGL IgGb,c,e 31/14 (68.9) 12/14 (46.2) 1/15 (6.3) 11/47 (19.0)
Anti-TBGL IgAb,c,d 21/23 (46.7) 4/22 (15.4) 2/14 (12.5) 6/52 (10.3)

Others mean ± std
Blood IgA (g/L) 3.41 ± 1.76 3.13 ± 0.75 n.a n.a
Blood IgG (g/L) 14.82 ± 4.64 16.50 ± 2.84 n.a n.a
Blood IgM (g/L) 1.11 ± 0.50 1.49 ± 0.62 n.a n.a
CRP (mg/L) 26.07 ± 27.64 28.95 ± 26.87 n.a n.a
CD4 count n.a n.a 159.75 ± 177.16 n.a
CD8 count n.a n.a 636.38 ± 438.26 n.a

PTB = pulmonary TB; ETB = extrapulmonary TB; HC = healthy control. aThe number of positive subjects/the number of negative subjects (percentage of
positive subjects). bSignificant difference between PTB and HC samples (𝑝 < 0.05). cSignificant difference between PTB and AIDS-TB samples (𝑝 < 0.05).
dSignificant difference between PTB and ETB samples (𝑝 < 0.05). eSignificant difference between ETB and HC samples (𝑝 < 0.05).

Table 2: Anti-TBGL IgG, anti-TBGL IgA, and anti-LAM IgG in ETB patients.

Subtypes of ETB (𝑛 = 26) Number TB related Biomarkers
Anti-TBGL IgG Anti-TBGL IgA Anti-LAM IgG

Tuberculous pleurisy 7 2 (28.6%)a 1.2 [0.4–7.0]b 1 (14.3%) 0.4 [0–4.0] 2 (28.6%) 0.06 [0.02–0.50]
Tuberculous meningitis 4 1 (25%) 0.65 [0.6–8.2] 0 (0%) 0.05 [−0.1–0.7] 1 (25%) 0.05 [0.03–0.08]
Miliary TB 3 2 (66.7%) 2.9 [1.3–5.6] 1 (33.3%) 0.6 [0–2.1] 3 (100%) 0.10 [0.01–0.14]
Intestinal TB 3 3 (100%) 15.9 [3.9–27.9] 1 (33.3%) 1.7 [0.2–428.8] 3 (100%) 0.14 [0.12–0.33]
Lymph node TB 3 1 (33.3%) 0.5 [0.4–11] 0 (0%) 0.2 [0.2–0.2] 2 (66.7%) 0.12 [0.06–0.39]
Renal TB 2 1 (50%) 20.4 [0.3–40.5] 0 (0%) 0.45 [0.2–0.7] 1 (50%) 0.12 [0.06–0.19]
Bone TB 2 1 (50%) 12.85 [0.4–25.3] 0 (0%) 0.2 [0–0.4] 2 (100%) 0.11 [0.10–0.12]
Endometrial TB 1 1 (100%) 3.5 [3.5] 1 (100%) 3.3 [3.3] 0 (0%) 0.06 [0.06]
Extrarenal TB 1 0 (0%) 0.8 [0.8] 0 (0%) 0.1 [0.1] 1 (100%) 0.13 [0.13]
ETB = extrapulmonary TB. apositive number (percentage) in compariso with the cut off of anti-TBGL IgG (cut off = 2), anti-TBGL IgA (cut off = 2), and anti-
LAM IgG (cut off = 0.07), respectively; bmedian [range].
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Figure 1: Detection of anti-TBGL IgG, anti-TBGL IgA, and anti-LAM IgG in TB patients and HC. PTB = pulmonary TB; ETB =
extrapulmonary TB; HC = healthy control. Anti-TBGL antibody titers were evaluated in U/mL, and the anti-LAM IgG reactivity was assessed
as OD values.

ETB patients showed relatively high anti-TBGL IgG titers in
contrast to anti-TBGL IgA titers which were lower in ETB
samples. Remarkably, all 3 intestinal TB subjects were anti-
TBGL IgG positive (Median 15.9 Range [3.9–27.9]), while
only 2 out of 7 TB pleurisy subjects showed positive in anti-
TBGL IgG (Median 1.2 Range [0.4–7.0]). Samples fromAIDS-
TB patients had considerably lower titers for anti-TBGL
antibodies compared to other TB groups (Figures 1(a) and
1(b)).

3.3. Anti-TBGL Antibody and Anti-LAM IgG in Healthy Con-
trols (HC). We examined HC and HW anti-TBGL antibody
titers. There are two subgroups of HC in this study, HW who
worked in environments with higher risk to TB exposure and
ST who had merely enrolled less than 1 year in the lab. The
age of HW (30.51 ± 0.99, 𝑛 = 39) was significantly higher

than that of ST (24.16 ± 1.38, 𝑛 = 19) (Table 1). Age did not
correlate with either anti-TBGL antibody or anti-LAM IgG
titers within HC or ST (Spearman, 𝑝 > 0.05). The difference
between ST and HW for anti-TBGL IgG and anti-LAM IgG
titers was not statistically significant (nonparametric 𝑡-test,
𝑝 > 0.05 for both), while such difference for anti-TBGL
IgA titers was significant (𝑝 < 0.01, Figure 4(b)). We also
performed a follow-up study of anti-TBGL antibodies in 16
HW. In the three-year follow-up, we observed a trend of HW
subjects with increasing positive for anti-TBGL IgG but not
for anti-TBGL IgA (𝑝 < 0.05, Figures 4(c) and 4(d)).

4. Discussion

The findings that the highest levels of anti-TBGL IgG were
associated with cavitation in Chinese PTB patients were
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Figure 2: Elevated titers in association with different clinical findings. (a), (b), and (c) display findings of PTB-cavity versus PTB-noncavity,
PTB-bronchiectasis versus PTB-nonbronchiectasis, and PTB-smear-negative versus PTB-smear-positive, respectively. A 𝑝 value less than
0.05 indicates a significant difference between 2 groups by nonparametric 𝑡-test. (L), (M), and (R) referred to anti-TBGL IgG, anti-TBGL IgA,
and anti-LAM IgG, respectively.

consistent with a previous study on Japanese subjects [7], a
trend that was not observed for anti-LAM IgG. In contrast,
higher anti-LAM IgG responses were observed in patients
who are sputum smear positive, in agreement with a previous
study [10, 13]. LAM-Anti-LAM complex may be formed in
the serum of the sputum negative samples, reducing the
sensitivity of anti-LAM antibody detection [14]. On the other
hand, LAM was found more frequently in the urine of
smear-positive patients, suggesting a constant stimulus for

anti-LAM antibodies existing in such patients [15]. LAM
may not associate with cavitation, while TBGL contained
TDM, a cord factor, which has been reported to induce
cavitation and granulomatous responses [16, 17]. CD1d targets
TDM, which may play a critical role in hypersensitive
granulomatous response to mycobacterial cord factor [18].
Therefore, in spite of the elevated titers of anti-TBGL IgG
and anti-LAM IgG in PTB patients (Figures 1(a) and 1(c)),
results of the clinical factor analysis for PTB suggested
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Figure 3: ROCanalysis for different antibodies. (a) and (b) ROCanalysis betweenPTBpatients andHC for anti-TBGL IgA and anti-LAMIgG,
respectively; (c) ROC analysis between cavities positive and negative subjects for anti-TBGL IgG; (d) ROC analysis between bronchiectasis
positive and negative subjects for anti-TBGL IgA. Circle: estimated optimal cutoff according to Youden’s index; triangle: arbitrary cutoff.

that anti-TBGL antibody responses are associated with a
pathogenesis different from that associated with anti-LAM
antibody. Although anti-TBGL IgA showed a higher titer in
bronchiectasis PTB patients, 9 out of 13 patients presented
with cavitation. InChina, TB antibodymeasurements serving
as a suggestive reference must be in combination with a
third TB specific clinical reference for TB diagnosis. Amongst
clinical findings, smear positive appears less challenging
compared to cavitation and bronchiectasis to diagnose TB
[19] that can be found not only in TB but also in other

lung infections, such as Aspergillus fumigatus infection, or in
lung cancer; therefore measurement of anti-TBGL antibody
may benefit confirmation of PTB infection with cavitation or
bronchiectasis radiography and avoid being compromised by
sputum smear results [5, 8].

Elevated anti-TBGL IgG titers but low anti-TBGL IgA
and anti-LAM IgG titers were observed in ETB patients
(Figures 1(a) and 1(b)). Although higher anti-TBGL IgG
titers were detected in all the ETB subtypes combined,
anti-TBGL IgG titers varied with different sites of ETB.
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Figure 4: Detection of anti-TBGL antibodies and anti-LAM IgG among HC including HW and ST and follow-up study of HW. HW refers to
health care workers; ST refers to new enrolled students (a and b); 2009, 2010, and 2011 refer to different years of sample collection (c and d).

Of note, tuberculous pleurisy showed relatively lower anti-
TBGL IgG titers as compared to intestinal TB (𝑝 < 0.05, data
not shown), suggesting an association between anti-TBGL
antibody and specific sites of ETB where gastrointestinal
mucosal may participate in responding to TBGL [20], as
anti-TBGL antibody titer was found to decrease significantly
in gastrectomized TB patients in our previous study [21].
Low titers of TB related antibody have been found in TB
pleurisy in previous studies, but the reason is still unclear
[22]. Low anti-TBGL antibodies and anti-LAM IgG titers
were observed in AIDS-TB patients (Figure 1) due to failure
in the development of potent humoral responses [23] and a
malfunctioning gastrointestinal immune system [24].

The possibility of health care workers developing latent
TB infection (LTBI) was 2.02–2.76 times higher than that of

those in low-risk workplaces, and the LTBI incidence rate in
HW was reported to be up to 43.4% in China [25]. In our
previous study in the Philippines, we found elevated titers of
both anti-TBGL IgG and IgA in HC subjects with diagnosed
LTBI [9]. Of note, the follow-up study on 16 HW showed
significant increase in anti-TBGL IgG titers over 3 years in
the current study, though the significance of the data is not
clear because LTBI was not confirmed.

The strength of this study, performed in a TB-prevalent
country, is that anti-TBGL antibody detection could be
sensitive and specific for PTB and ETB patients andHC in the
context of clinicalmanifestation. In PTB, high anti-TBGL IgG
and IgA titers were found to be associated with cavitation and
bronchiectasis, respectively. In ETB, elevated anti-TBGL IgG
titer in the absence of anti-TBGL IgA titer may serve as a pair
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of biomarkers to diagnose ETB from PTB. TBGL antibody
titers may be high in those who have been at risk of TB
exposure, thereby raising cautions for low sensitivity of anti-
TBGL antibodies test for healthy individuals. The limitation
of this study includes the lack of the prognostic observation
for PTB subjects, insufficient samples from each subgroup of
ETB, and the inability to confirm LTBI infection in HW.
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Mono- and multifunctional specific CD4+ and CD8+ T-cell responses were evaluated to improve the immune-based detection
of active tuberculosis (TB) and latent infection (LTBI). We applied flow cytometry to investigate cytokines profile (IFN-𝛾, TNF-
𝛼, and IL-2) of T cells after stimulation with TB antigens in 28 TB-infected subjects (18 active TB and 10 LTBI) and 10 uninfected
controls. Cytokines production byCD4+ T cells at single-cell levels was higher in TB-infected subjects than uninfected controls (𝑃 <
0.0001). Assigning to activated CD4+ T cells, producing any of the three cytokines, a cut-off >0.45%, it was possible to differentiate
TB-infected (>0.45%) by uninfected subjects (<0.45%). Among TB-infected subjects, the frequencies of multifunctional CD4+ T
cells, simultaneously producing all 3 cytokines, are lower in active TB than LTBI subjects (𝑃 = 0.003). Thus, assigning to triple-
positive CD4+ T cells a cut-off <0.182%, TB-infected individuals could be classified as active TB subjects (<0.182%) or LTBI subjects
(>0.182%). The magnitude of CD8+ T-cell responses showed no differences between active TB and LTBI. Multifunctional CD4+
T-cell responses could have the potential to identify at single time point subjects without TB infection and patients having active
or latent TB.

1. Introduction

Mycobacterium tuberculosis (Mtb) infects more than 2 billion
people worldwide; 90% of Mtb-infected individuals are able
to resist overt tuberculosis (TB) disease determining the
state of latency of infection (LTBI) [1]. Although latent and
active TB disease are likely part of a dynamic spectrum
[2, 3], individuals with LTBI are classically considered to be
asymptomatic and not infectious; thus, the accurate classifi-
cation of TB status is essential since treatment and prevention
approaches are entirely different.

All existing tests for LTBI diagnosis, the tuberculin skin
test (TST) and the newer interferon-gamma release assays
(IGRAs), are acceptable but remain imperfect tests [4]. They
represent indirect markers of Mtb exposure and provide
immunological evidence of host sensitization to TB antigens.
Both tests depend on cell-mediated immunity, and neither

test can accurately differentiate between active TB and LTBI,
distinguish reactivation from reinfection, or discriminate the
various stages within the spectrum of Mtb infection [5, 6].
Thus, there is a need for newer biomarkers to classify patients
at a single time point as having active TB, LTBI, or no
infection.

Alternative immunological methods have been investi-
gated in recent years [7–11]. In particular, multifunctional
T cells, defined by their ability to coexpress two or more
cytokines, have showed a better diagnostic yield than IGRA
to detect TB infection [12–14] and have improved discrimi-
nation between active TB and LTBI [7–11, 15].

However, currently there is no consensus whether multi-
functional T cells represent a marker of protective immunity
or disease activity. Studies in animalmodels revealed a poten-
tial association of multifunctional Th1 cells with protective
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immunity to TB [16], but some recent studies in humans have
implicated multifunctional Th1 cells in protective immunity
against pulmonary disease [10, 17], while others have shown
that these cells might merely reflect the presence of active
disease [7, 9].

In the present study, we applied an intracellular cytokine
flow cytometry (ICCFC) to investigate monofunctional and
multifunctional Mtb-specific CD4+ and CD8+ T cells in
active TB and LTBI adults. Based on our findings, we
propose an immune-based approach, which could improve
the identification at single time point of subjects with no TB
infection or patients having active or latent TB.

2. Materials and Methods

2.1. Study Subjects. Thestudy population included 38 subjects
enrolled at the Department of Public Health and Infectious
Diseases, “Sapienza” University, Rome, Italy. The subjects
were firstly classified into 2 main groups: TB infected and
uninfected subjects. TB infected people were subsequently
classified as active TB and latent TB. In summary, 18 patients
with active TB (age range, 26–61 years); 10 patients with LTBI
(age range, 41–60 years); and 10 healthy subjects (age range,
27–43 years) were recruited.

Diagnosis of active TB was made on the basis of clinical
and radiological findings andwas confirmed by identification
of M. tuberculosis with microbiological methods and/or
histological examination of affected tissues. All patients
presented tubercular lung involvement.

We classified as LTBI the subjects who tested positive for
both TST and QFT-GIT. All subjects classified as LTBI had
also one of the following risk factors: chest X-ray suggestive
of prior TB infection (apical pleural thickening, pulmonary
nodules, upper lobe bronchiectasis, interstitial granuloma-
tous calcification, cavitation, and lymph node or pericardial
calcification) and a history of exposure to a case of active
TB, originating from an area with a high prevalence of TB
infection.None of the individuals had clinical, radiologic, and
microbiological evidence of active TB, and none had received
prior TB treatment. The healthy subjects were unexposed
individuals with no previous history of TB, no know TB
contact and tested negative for TST and QFT-GIT.

Measurement of IFN-𝛾 levels by IGRA and multifunc-
tional analysis of CD4+ and CD8+ T cells were performed on
the same blood samples collected from all patients.

The study received approval from the Local Ethics Com-
mittee (reference number 2669), and informed consent was
provided by all subjects.

2.2. Tuberculin Skin Test and QuantiFERON TB Gold-In
Tube (QFT-GIT). After blood was drawn for the QFT-GIT
assay, a TST (Biocine Test PPD, Chiron, Siena, Italy) was
performed according to the Mantoux method by the same
experienced operator, considering an induration of ≥10mm
as positive. The QFT-GIT assay (Cellestis Limited, Carnegie,
Australia) was carried out and interpreted by the same
trained technician, as per the manufacturer’s instructions.
Both operators were blind to the clinical status of the patients.

2.3. Intracellular Cytokine Flow Cytometry (ICCFC). For
intracellular cytokine flow cytometry, heparinized peripheral
blood was collected, and 0.5mL of whole blood was added
to 3 test tubes containing, respectively, saline (negative con-
trol), phytohaemagglutinin (PHA), andTB antigens (ESAT-6,
CFP-10, andTB 7.7) [18].The test tubes were suppliedwith the
QFT-GIT. The TB antigens are pools of overlapping peptides
and are pooled together as a single stimulation condition.

Whole blood was costimulated with anti-CD28 plus anti-
CD49d (5 𝜇L/mL, BD Bioscience, Pharmingen, Italy) as indi-
cated by several authors [9, 10, 19], andBrefeldinA (10 𝜇g/mL)
(Sigma-Aldrich) was immediately added to each tube as
previously described [20]. In order to avoid aspecific stimu-
lation related to CD28/CD49d costimulation, we added anti-
CD28/CD49d antibodies to both negative (saline) and pos-
itive (PHA) control tubes and to TB antigens tubes (ESAT-
6, CFP-10, and TB 7.7) and we further subtracted the back-
ground values (in terms of IL-2, IFN-𝛾, and TNF-𝛼) from TB
antigens tubes.

In brief, after 18 hrs of incubation, the cell surface stain-
ing was performed with the following markers, anti-CD45-
VioBlue, anti-CD4 PE-Vio770, and anti-CD8 PerCP (Mil-
tenyi Biotec, Germany), and the red cells were lysed with
1mL FACS lysing solution (BD Bioscience). Cells were then
permeabilized with 0.5mL FACS permeabilizing solution
(BD Bioscience) and intracellularly stained with anti-IFN-𝛾
FITC, anti-TNF-𝛼 APC, and anti-IL-2 PE (Miltenyi Biotec).
Cells were fixed in 1% paraformaldehyde and analysed within
1 hr using a MACSQuant Analyzer flow cytometer (Miltenyi
Biotec) after calibration and automatic compensation. We
acquired at least 100,000 cells in the lymphocyte gate. FlowJo
Software version 7.6.5 was used to perform a “combination
gates” analysis. Seven different population cells were detected
in CD4+ and in CD8+ cell gate on the basis of IFN-𝛾, IL-2,
and TNF-𝛼 produced by CD4+ and CD8+ T cells (Figure 1).
Background cytokine production in negative control (saline
buffer) was subtracted from each stimulated condition. Intra-
assay coefficient of variation and interassay coefficient varia-
tion were estimated and were <5% and <10%, respectively.

We classed T cells producing any of the 3 cytokines (IFN-
𝛾 or IL-2 or TNF-𝛼) as “activated T cells,” those producing
IFN-𝛾 alone or in combination with IL-2 and/or TNF-𝛼 as
“total IFN-𝛾+ T cells,” those producing IL-2 alone or in com-
bination with IFN-𝛾 and/or TNF-𝛼 as “total IL-2+ T cells,”
and those producing TNF-𝛼 alone or in combinationwith IL-
2 and/or IFN-𝛾 as “total TNF-𝛼+ T cells.” Similarly, we classed
polyfunctional T cells (those simultaneously producing all 3
cytokines) as “IFN-𝛾+ IL-2+ TNF-𝛼+ T cells.”

2.4. Statistical Analysis. GraphPad Prism Software version
5 (Software MacKiev) was used. Nonparametric Kruskal-
Wallis ANOVA with Dunn’s posttest comparison and non-
parametric Mann-Whitney test was applied to compare T-
cell frequencies and the percentage of cytokine-secreting cells
between 3 or 2 groups of patients, respectively. Receiver
operating characteristic (ROC) analysis was performed to
calculate optimal cut-off values for both activated CD4+ T
cells and polyfunctional CD4+ T cells. ROC curves were
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Figure 1: Representative flow cytometry “combination gates” analysis ofCD4+ Tcells of LTBI, activeTB, and control subject under stimulation
of TB antigens. Whole blood was analysed using a gating strategy to exclude debris and to identify CD4+ and CD8+ T cells on CD45+
lymphocytes. The subsequent analysis was on CD4+ gate to describe IFN-𝛾, IL-2, and TNF-𝛼 producing T cells. The percentages of the seven
different population cells were showed at bottom and were defined in CD4+ cell gate on the basis of total IFN-𝛾, IL-2, and TNF-𝛼 producing
cells.
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Figure 2: Analysis of cytokine production by CD4+ cells at the single-cell level. (a) ROC curve (plotting sensitivity versus 1 − specificity)
to discriminate infected (active TB and LTBI) from uninfected patients. The area under curve (AUC) was 0.9722. (b) Analysis of activated
M. tuberculosis-specific CD4+T cells producing any of the 3 cytokines (IFN-𝛾, IL-2, or TNF-𝛼), using a cut-off to score responses as either
positive or negative.The subjects were considered as positive (black) whether the frequency of CD4+ T cells was >0.45% and negative (white)
when the frequency was <0.45%. Horizontal bars represent the median values and horizontal dashed line indicates the cut-off of 0.45%. ((c),
(d), and (e)) Frequency of “total IFN-𝛾+,” “total IL-2+,” and “total TNF-𝛼+”Mtb-specific CD4+T cells in active TB patients (𝑛 = 18), in LTBI
patients (𝑛 = 10), and in healthy controls (𝑛 = 10) is shown. Horizontal bars represent the median values. Statistical analysis was performed
using Kruskal-Wallis ANOVA with Dunn’s posttest comparison and significant differences are indicated by asterisks (∗∗𝑃 < 0.01).

generated by plotting the sensitivity against 1 − specificity,
and the area under the curve (AUC) with 95% confidence
intervals (95% CIs) was calculated. All statistical analyses
were two-sided and considered significant at 𝑃 values < 0.05.

3. Results

3.1. TST andQFT-GITResults. QFT-GITwas positive in 13/18
(72%), negative in 3/18 (17%), and indeterminate in 2/18 (11%)
of active TB patients. As expected, QFT-GIF was positive
in all 10 (100%) LTBI patients and in none of the healthy
controls. The TST was positive in all LTBI and negative in all
healthy controls, whereas it was positive in 11/18 (61%) and
7/18 (39%) of active TB patients.

3.2. Cytokine Flow Cytometry Analysis of Mtb-Specific CD4+ T
Cells at the Single-Cell Level. The expression of CD4+ T cells
producing any of the 3 cytokines (IFN-𝛾 or IL-2 or TNF-𝛼)
was assessed in patients with active TB, LTBI, and healthy
controls, after simulation with Mtb-specific antigens. A sig-
nificantly higher frequency of these CD4+ T cells was found
in active TB patients (median 1.197%, range 0.219%–3.59%)
and in LTBI patients (1.666%, 0.234–5.762%) if compared to

healthy controls (0.246%, 0–0.423%; 𝑃 < 0.0001 by Kruskal-
Wallis test); on the other hand, no significant differences were
found between the 2 infected group subjects. Following this
observation, we performed a ROC analysis (Figure 2(a)) and
a cut-off >0.45% for activated CD4+ T cells was found as the
value allowing the best combination of sensitivity (94.44%,
95% CI: 72.2–99.8%) and specificity (100%, 95% CI: 69.15–
100%; AUC 0.9722; 95% CI: 0.9141–1.030%, 𝑃 < 0.0001) to
differentiateMtb-infected patients (active TB and LTBI) from
healthy controls. Using this cut-off, we scored as positive 17/18
(95%) of active TB patients, 9/10 (90%) of LTBI patients, and
none of 10 healthy controls (Figure 2(b)). Thus, the analysis
of Mtb-specific CD4+ T cells allowed the discrimination
betweenMtb-infected and uninfected patients.

In another set of analyses, we compared the frequency
of “total IFN-𝛾+ CD4+ T cells,” “total IL-2+ CD4+ T cells,”
and “total TNF-𝛼+ CD4+ T cells” (as defined in Section 2)
in our 3 groups of the subjects. The frequencies of “total
IFN-𝛾+ CD4+ T cells” and “total IL-2+ CD4+ T cells”
were higher in LTBI patients compared to those with
active TB and healthy controls, although these differences
attained statistical significance only between Mtb-infected
(active TB and LTBI) and healthy subjects (𝑃 = 0.0014
for IFN-𝛾; 𝑃 = 0.0001 for IL-2 by Kruskal-Wallis test)
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Figure 3:Multifunctional cytokine analysis ofM. tuberculosis-specific CD4+ T cells. (a) Frequency ofMtb-specific CD4+ T cells producing all
combinations of IFN-𝛾, IL-2, and TNF-𝛼 in active TB patients (𝑛 = 18, black circles) and in LTBI patients (𝑛 = 10, white circles). Horizontal
bars represent the median values. Statistical analysis was performed using Mann-Whitney test and significant differences are indicated by
asterisks (∗∗𝑃 < 0.01, ∗𝑃 < 0.05). (b) Pie charts represent the relative proportions of cytokine-producing T-cell subsets in each group after
Mtb-specific stimulation. A key to colours used in the pie charts is shown at the bottom of the panel (a).

(Figures 2(c) and 2(d)). The frequency of “TNF-𝛼+ CD4+
T cells” was higher in patients with active and latent TB
than in healthy controls (𝑃 = 0.0003 by Kruskal-Wallis test;
Figure 2(e)).

Thus, the analysis of cytokine production byMtb-specific
CD4+ T cells at the single-cell level was unable to indicate TB
status among the studied subjects not allowing a distinction
between active TB and LTBI.

3.3. Multifunctional Cytokine Analysis of Mtb-Specific CD4+ T
Cells. We analysed our samples for all possible combinations
of intracellular expression of IFN-𝛾, IL-2, and TNF-𝛼 in
cytokine-producing CD4+ T cells in subjects with active and
latent TB. Significantly greater frequencies of both “IFN-𝛾+
TNF-𝛼+” and “IFN-𝛾+ IL-2+ TNF-𝛼+” CD4+ T-cell subsets
were observed in LTBI patients compared to active TB
patients (𝑃 = 0.003 and 𝑃 = 0.034, respectively; by Mann-
Whitney test) (Figure 3(a)). Conversely, the frequency of
other single- or double-cytokine-secreting CD4+ T cells did
not differ significantly between these two groups.

However, the cytokine profile (Figure 3(b)) revealed that
in LTBI patients the proportion of polyfunctional CD4+ T
cells producing the 3 cytokines simultaneously was greater
(23%) compared to other double-cytokine-producing CD4+
T cells (IFN-𝛾+ TNF-𝛼+ = 4%; IL-2+ TNF-𝛼+ = 4%; IFN-𝛾+
IL-2+ = 16%), but similar to single-cytokine-producing CD4+
T cells (TNF-𝛼+ = 27%, IFN-𝛾+ = 18%). In contrast, subjects
with active TB showed a smaller proportion of polyfunctional
CD4+ T cells (8%) and a predominance of CD4+ T-cell subset
secreting TNF-𝛼 alone which constituted 46% of the total
cytokine response.

Based on these differences, we performed a ROC analysis
(Figure 4(a)) and cut-off < 0.182% for polyfunctional CD4+
T cells allowed the best combination of sensitivity (77.78%,
95% CI: 52.36–93.59) and specificity (70%, 95% CI: 34.75–
93.33%; AUC 0.8444; 95% CI: 0.7021–0.9868%, 𝑃 = 0.0002)
to differentiate between active TB and LTBI subjects. Using
this cut-off to score ICCFC responses as either positive or
negative, we observed a positive response (>0.182%) in 4
out of 18 (22%) active TB patients and in 7 out of 10 (70%)
LTBI patients (Figure 4(b)). In our hands, the frequency of
polyfunctional CD4+ T cells which simultaneously produced
IFN-𝛾, IL-2, and TNF-𝛼may be indicative of LTBI status.

3.4. Specific CD8+ T-Cell Responses to Mtb Antigens in Intra-
cellular Cytokine Flow Cytometry. The analysis of activated
CD8+ T cells, producing any of the 3 cytokines (IFN-𝛾 or
IL-2 or TNF-𝛼) showed similar results to CD4+ T cells,
revealing a significant greater frequency of activated CD8+
T cells in both active TB (median 0.599%, range 0–4.55%)
and LTBI patients (0.489%, 0–1.796%) compared to healthy
controls (0%, range 0–0.249%, 𝑃 < 0.0020 by Kruskal-Wallis
test), but no difference was found between two groups of
infected individuals (Figure 5(a)). Likewise, the frequency
of “total IFN-𝛾+ CD8+ T cells” (Figure 5(b)), “total IL-2+
CD8+ T cells” (Figure 5(c)), and “total TNF-𝛼+ CD8+ T cells”
(Figure 5(d)) was significantly higher in active TB patients
compared to the other 2 groups of patients. These differences
were only statistically significant between active TB subjects
and healthy controls (𝑃 = 0.0045 for IFN-𝛾+; 𝑃 = 0.0033 for
IL-2; 𝑃 = 0.0078 for TNF-𝛼 by Kruskal-Wallis test).
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Figure 4: Differentiation between active and latent Mtb-infected subjects. (a) ROC curve (plotting sensitivity versus 1 − specificity) to
discriminate active TB from LTBI patients. The area under curve (AUC) was 0.8444. (b) Analysis of triple-positive IFN-𝛾+ IL-2+ TNF-𝛼+
CD4+ T cells, using a cut-off to score responses as either positive or negative. The subjects were considered as positive (black) whether the
frequency of CD4+ T cells was >0.182% and negative (white) when the frequency was <0.182%. Horizontal bars represent the median values
and horizontal dashed line indicates the cut-off of 0.182%.
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Figure 5: Analysis of cytokine production by CD8+ T cells at the single-cell level. (a) Frequencies of activated Mtb-specific CD8+T cells
producing any of the 3 cytokines (IFN-𝛾, IL-2, or TNF-𝛼) cells in active TB patients (𝑛 = 18), in LTBI patients (𝑛 = 10), and in healthy
controls (𝑛 = 10) are show. ((b), (c), and (d)) Frequency of “total IFN-𝛾+,” “total IL-2+,” and “total TNF-𝛼+”Mtb-specific CD8+T in active TB
patients (𝑛 = 18), in LTBI patients (𝑛 = 10), and in healthy controls (𝑛 = 10) is shown. Horizontal bars represent themedian values. Statistical
analysis was performed using Kruskal-Wallis ANOVA with Dunn’s posttest comparison and significant differences are indicated by asterisks
(∗∗𝑃 < 0.01).
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Figure 6: Multifunctional cytokine analysis of Mtb-specific CD8+ T cells. (a) Frequency of Mtb-specific CD8+ T cells producing all
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bars represent themedian values. Statistical analysis was performed usingMann-Whitney test. (b) Pie charts represent the relative proportions
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As regards the cytokine profiles of Mtb-specific CD8+ T
cells, we found no significant differences between active TB
and LTBI subjects (𝑃 > 0.05 for each CD8+ T-cell subset
by Mann-Whitney test; Figure 6(a)). Still, observing the pie
charts (Figure 6(b)) the proportions of single-, double-, or
triple-cytokine-secreting CD8+ T-cell subsets were compara-
ble between two groups of individuals.

Hence, the evaluation of the Mtb-specific CD8+ T-cell
responses in both monofunctional and polyfunctional analy-
ses did not allow the distinction between active TB and LTBI
subjects.

4. Discussion

In recent years, immunological response to Mtb has been
extensively studiedwith the purpose of not only better under-
standing the TB pathogenesis but also improving diagnosis.
The more recent IGRA offer some improvements over the
TST, showing an excellent specificity for LTBI diagnosis and
correlating well with the magnitude of exposure toM. tuber-
culosis [21]. Nevertheless, they have several known limitations
including the reduced accuracy in immunocompromised
subjects [22–24], the presence of conversions and reversions
of results when serially applied in the same individuals [25–
27], the inability to distinguish reactivation from reinfection,
and the inability to accurately differentiate between LTBI and
active TB [5, 6].

In the present study, using IGRA assay as a tool for TB
detection, no significant differences in the average IFN-𝛾
responses were observed among our TB and LTBI subjects,

since similar percentages of positive IFN-𝛾 responses were
present in both of the 2 groups.

With a view to improving discrimination between active
TB and LTBI, we applied an intracellular cytokine flow
cytometry (ICCFC) to investigate monofunctional and mul-
tifunctionalMtb-specific CD4+ and CD8+ T cells.

Multifunctional T cells simultaneously secreting IFN-𝛾,
TNF-𝛼, and IL-2 play a critical role in the control of chronic
bacterial and viral infections [28]. Changes in cytokine
profiles could be a general feature of Mtb-specific T cells in
TB infection, but limited and controversial data have made
it difficult to define the role of these cells in TB [29]. Some
studies support the concept that a higher proportion of triple-
positive CD4+ T cells correlates with LTBI when comparing
active TB and latent subjects, suggesting that this T-cell subset
may be a surrogate marker of Mtb load and consequently
of active replication control in LTBI subjects [10, 15, 17]. In
contrast, others indicate a higher proportion of triple-positive
CD4+ T cells in active TB than in LTBI subjects [7, 9], but the
methodology used was different and so was the definition of
LTBI.

The present study provides a detailed analysis of the
frequency of cytokine-producing CD4+ and CD8+ T cells in
Mtb-infected (active TB and LTBI) and uninfected subjects.

Regarding the CD4+ T-cell compartment, the first finding
was that analysis of activated cells producing any of the 3
cytokines (IFN-𝛾 or IL-2 or TNF-𝛼) may help to differentiate
Mtb-infected (active TB and LTBI) and uninfected subjects.
In fact with a cut-off > 0.45% for activated CD4+ T cells,
we scored as positive the 95% of active TB patients, the 90%
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Figure 7: Proposed immune-based model for detection of active and latent TB. Taking into account the analysis of activated CD4+ T cells,
it is possible to differentiate Mtb-infected subjects (>0.45%) by uninfected subjects (<0.45%). With the analysis of multifunctional CD4+ T
cells, simultaneously producing all 3 cytokines, infected individuals may be classified as active TB subjects (<0.182%) or as LTBI subjects
(>0.182%).

of LTBI patients, and none of healthy controls, clearly
differentiating Mtb-infected patients from healthy controls.
It is interesting to note that active TB patients showed
a low response using TST and QFT (only 61% and 72%,
resp.) confirming that routinely immunological tests were not
useful in diagnosis of active disease. Our data suggest that
analysis of activated CD4+ T cells has a good sensitivity in
active TB.

Also the analysis of CD4+ T cells secreting IFN-𝛾 alone,
IL-2 alone, and TNF-𝛼 alone, revealed a prevalent frequency
of all these T cells in infected compared to uninfected
subjects. Still, it is interesting to note a slightly higher
frequency of both “all IFN-𝛾+” and “all IL-2+” CD4+ T cells in
LTBI patients with respect to active TB patients, in line with
recent studies showing that CD4+ T cells producing IFN-𝛾
and IL-2 have been implicated in protective immunity to TB
[30, 31]. Taken together, monofunctional analysis was able to
distinguish infected and uninfected subjects but was unable
to indicate TB status not allowing a clear distinction between
active and latent infection.

Moreover searching for a difference between active and
latent TB, we performed a broad characterization of the
functional profiles ofMtb-specific CD4+ T cells to determine
all combinations of intracellular expression of IFN-𝛾, IL-
2, and TNF-𝛼. These findings revealed that latent infection
is associated with an increased frequency of two CD4+
T-cell subsets, those producing IFN-𝛾, IL-2, and TNF-𝛼
simultaneously (triple-positive) and those producing IFN-𝛾
in combination with TNF-𝛼, indicating a possible protective
role of these cells population in maintaining latent inflec-
tion. Indeed, we found that multifunctional CD4+ T cells,
in particular those producing 3 cytokines simultaneously,

provided the best discrimination between active and latent
infection. In fact using a cut-off of 0.182% for triple-positive
CD4+ T cells, most LTBI subjects (70%) showed a positive
response, whereas the majority of active TB patients (78%)
have a response below the cut-off.

Taken together, the detection of less than 0.182% of triple-
positive CD4+ T cells is strongly indicative of active TB with
a specificity of 70%, whereas frequencies of these cells above
0.182% could be indicative of LTBI with sensitivity of 77.7%.

Most notably and in contrast with latent infection, our
subjects with active TB disease had a predominance of CD4+
T cells secreting TNF alone which constituted 46% of the
total cytokine response. This is in agreement with previous
studies showing that TNF production is a major component
of the immune response to Mtb-antigen in active disease
and thus the most reliable marker for diagnosing TB disease
[7, 10, 11, 32, 33]. TNF expansion could be responsible for a
high degree of inflammation, which could be linked to tissue
damage and lung lesions rather than protection and control
of the pathogen.

According to what has been assumed to be the hallmark
of a protective CD4+ T-cell response in various models of
human viral infections [28, 34, 35], we found a significantly
higher proportion of multifunctional IFN-𝛾+ IL-2+ TNF-𝛼+
CD4+ T cells in subjects with LTBI, which are able to control
Mtb replication comparedwith thosewith current TBdisease,
in which CD4+ T cells secreting TNF alone dominated the
Mtb-specific response.

As regards the CD8+ T-cell compartment, Rozot et al.
[36, 37] recently indicated that Mtb-specific CD8+ T-
cell responses can be detected predominantly in patients
with active TB as compared to LTBI subjects, suggesting
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a correlation between CD8+ T-cell responses and high anti-
gen burden [19, 38]. This hypothesis is supported by a recent
study performed in children showing thatMtb-specific CD8+
T cells were detected in active TB disease but not in healthy
children recently exposed toMtb, despite the fact that similar
frequencies of CD4+ T cells were present in both groups [39].

Moreover, little is known about the size, quality, and
specificity of Mtb-specific CD8+ T-cell responses during
active and latent infection. In our study, the monofunc-
tional analysis allowed a distinction between infected and
uninfected subjects, following the same trend as in CD4+ T
cells. Conversely, the polyfunctional analysis of CD8+ T-cell
responses showed no significant differences between active
and latent infected patients.

The present study has some limitations, such as the
relatively small number of patients within each clinical group
and the lack of a prospective analysis. Nevertheless, the
ICCFC assessment of multifunctional Mob-specific CD4+ T
cells enabled us to determine the different clinical stage of
TB infection. In this respect we propose an immune model
(Figure 7)which, with a cut-off of 0.45% for activatedCD4+ T
cells, may initially discriminate Mtb-infected (active TB and
LTBI) patients (>0.45%) from uninfected subjects (<0.45%)
with a specificity of 100%.Then, the infected individuals may
be classified as active TB subjects if they showed frequencies
of triple-positive T cells less than 0.182% and as LTBI subjects
if the frequencies of triple-positive T cells are instead above
0.182% with a sensitivity of 77.78% and a specificity of 70%.

5. Conclusion

Multifunctional flow cytometry analysis of specific CD4+ T-
cell response may represent a simple and rapid immune-
based approach to distinguish between Mtb-infected and
uninfected subjects. The more interesting result of the study
is the increased number of active TB patients detected
with multifunctional analysis of CD4+ T-cell response in
comparison to QTF-GIT or TST. As general use as a clinical
diagnostic test in order to identify patients with active versus
latent TB infection, this immunological approach needs to be
validated in a larger and prospective study and to be extended
to other forms of active tuberculosis.
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One approach for improving BCG efficacy is to utilize BCG as vehicle to develop recombinant BCG (rBCG) strains overexpressing
Mycobacterium tuberculosis (M. tb) antigens. Also expression level of a candidate antigen should impact the final T cell responses
conferred by rBCG. In this study, based on our previously constructed differential expression system, we developed two rBCG
strains overexpressingM. tb chimeric antigen Ag856A2 (coding a recombinant ag85a with 2 copies of esat-6 inserted at Acc I site
of ag85a) at differential levels under the control of the subtly modified furA promoters. These two rBCG strains were used to
vaccinate C57BL/6 mice and exploit dose of incorporated antigen in rBCG to optimize immune response and protective efficiency
againstM. tb challenge inmousemodel.The results showed that rBCG strains overexpressingAg856A2 at differential levels induced
different antigen-specific IFN-𝛾 production and comparable number ofM. tb-specific CD4 T cells expressing IL-2.M. tb challenge
experiment showed that rBCG strains afforded enhanced but comparable immune protection characterized by reduced bacillary
load, lung pathology, and inflammation. These results suggested that the dose of antigens incorporated in rBCG can impact T cell
immune responses but imposed no significantly differential protective efficacies.

1. Introduction

Tuberculosis (TB) caused byMycobacterium tuberculosis (M.
tb) continues to be a significant global health problem, affect-
ingmillions of people worldwide [1, 2]. Approximately 95% of
all TB cases occur in the developing world [3]. It is a prevalent
infectious disease in China, with 250,000 deaths from TB
annually and 6 million active TB patients at present [4]. The
global incidence of TB is raising due to coinfection with the
human immunodeficiency virus (HIV) and the emergence
of multidrug-resistant (MDR)M. tb strains [5, 6]. According
to the report of World Health Organization (WHO), M. tb
will cause 1 billion new cases and about 35 million deaths
worldwide by 2020 [7]. Therefore, effective treatment and

control strategies are urgently needed to counteract the global
threat of TB.

The current vaccine against TB, M. bovis Bacilli-
Calmette-Guérin (BCG), is a live attenuated vaccine which
has beenwidely used throughout theworld formany decades.
BCG protects children efficiently against miliary and meni-
ngeal TB, but protective efficiency against pulmonary TB in
adults has been found to vary highly from 0% to 80% [8].
Much effort has been devoted to improving BCG efficacy by
genetic engineering technology because of its strong immu-
nostimulatory properties and proven safety for human use [9,
10]. Recombinant BCG (rBCG) expressing different immun-
odominant antigens of M. tb, such as secreted antigens
(Ag85B, Ag85C, ESAT-6, etc.) or latency associated antigens
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(𝛼-Crystallin, Rv2659c, Rv3407 and Rv1733c, etc.), have been
tested as candidate vaccines against TB and are demonstrated
to have an enhanced ability to induce Th1 immune response
and protection against M. tb challenge in animal models [11,
12]. Also, it is definitely no doubt that doses of antigens could
subtly influence the magnitude of host immune response as
well as protection efficacy, no matter antigen is administered
in the form of rBCG [13], protein [14], DNA [15], or RNA [16].

We have previously reported the construction of a M.
tb furA gene operator/promoter (pfurA)-based differential
expression system, from which it is feasible to express
target antigens of interest in a modular fashion [4]. This
system will facilitate the development of novel recombinant
BCG vaccine candidates. M. tb chimeric antigen Ag856A2,
which is coded by a recombinant ag85a gene with 2 cop-
ies of esat-6 gene inserted at the Acc I site of ag85a
(see Figure S1 in Supplementary Material available online
at http://dx.doi.org/10.1155/2014/196124), shows improved
immunogenicity in mice when it is inoculated intramuscu-
larly as a DNA vaccine [17]. For the current study, we sel-
ected two rBCG strains overexpressing the same chimeric
antigen Ag856A2 at the maximum difference: rBCG186 and
rBCG486 overexpressing the fusion protein under control of
the wild-type or the optimized double-mutated furA promot-
ers, respectively [4]. We tested their efficacy as vaccines in
C57BL/6 mice, comparing immune response and protection
against M. tb challenge. The results showed that mice vacci-
nated with rBCG186 or rBCG486 generally induced higher
antigen-specific effector and memory immune responses, as
well as protective efficacies compared to mice vaccinated
with the parent BCG strain. However, the two rBCG strains
between themselves, which expressed the chimeric antigen
Ag856A2 at different levels, induced different antigen-specific
IFN-𝛾 production and comparable number of M. tb-specific
CD4 T cells expressing IL-2. And the protective efficacies
imposed by the two rBCG strains displayed no significant
differences although higher protection was observed in
rBCG486 vaccinated mice than that in rBCG186 vaccinated
mice.

2. Materials and Methods

2.1. Experimental Animals and Ethics Statement. Female spe-
cific pathogen-free (SPF) C57BL/6 mice aged 6–8wks were
purchased from Shanghai SLAC Laboratory Animal Co., Ltd.
(Shanghai, China) and kept under SPF conditions with food
and water ad libitum until challenge. Infected mice were
maintained in a biosafety level 3 (BSL-3) biocontainment ani-
mal facility. All animal experiment protocols were approved
by Chinese Science Academy Committee on Care and Use
of Laboratory Animals and were performed according to
the guidelines of the Laboratory Animal Ethical Board of
Shanghai Public Health Clinical Center.

2.2. Bacterial Strains and Growth Conditions. E. coli DH5𝛼
was cultured in liquid or solid LB medium. M. bovis BCG-
Danish was kindly gifted from Shanghai Institute of Biolog-
ical Products. BCG and its derivative recombinant strains
were grown in liquid Middlebrook 7H9 broth (BD Difco,

USA) supplemented with 10% oleic acid-albumin-dextrose-
catalase enrichment (OADC, BD Difco, USA), 0.2% glycerol,
and 0.05% Tween 80. Cultures in the exponential phase were
frozen and stored at −80∘C. When required, kanamycin was
added at a final concentration of 50 or 20𝜇g/mL for E. coli or
mycobacteria, respectively.

2.3. Plasmid Construction and Recombinant BCG Strains Pre-
paration. Two rBCG strains overexpressing M. tb chimeric
immunodominant antigen Ag856A2 at different levels were
constructed as previously described [4]. Briefly, the Ag856A2
coding gene, which is a recombinant ag85a gene with 2 copies
of esat-6 gene inserted in its Acc I site [17], was amplified
from the plasmid template of DNA vaccine HG856A and
then cloned intomycobacterial differential expression vectors
pMFA11 and pMFA41 under control of the prototypical
and double-mutated (mutations: initial codon change from
GTG to AUG and 6 bp substitution at upstream AT-rich
region) furA promoter, respectively. The resulting constructs
were electroporated into BCG-Danish competent cells and
selected on Middlebrook 7H11 agar with kanamycin. The
rBCG transformants were grown to midexponential phase
in complete Middlebrook 7H9 broth and then verified the
recombinant protein expression by routine Western-blotting
assay.

2.4. Mouse Immunization and M. tb Challenge. Mice were
vaccinated subcutaneously (s.c.) with 2 × 106 colony-forming
units (CFU) of BCG or rBCGs in 100 𝜇L saline. Eight weeks
after vaccination, groups of 6 mice were either sacrificed for
assessment of antigen-specific T cell responses in splenocytes
or exposed to an aerosol of virulent M. tb H37Rv strain to
deposit an inhaled dose of 100–200 CFU per lung by an
inhalation exposure system (Glas-Col, USA) [18].

2.5. ExVivo IFN-𝛾 ELISPOTAssay. IFN-𝛾ELISPOT assay kit
(BD Biosciences, USA) was used as described by the manu-
facturer. Plates were coated with anti-IFN-𝛾 mAb overnight
at 4∘C and then blocked with RPMI 1640medium containing
10% fetal bovine serum (FBS) for 1 h at room temperature.
Splenocytes (2.5 × 105 cells/well) from immunized mice were
isolated, plated, and cultured with 10 𝜇g/mL PPD (Statens
Serum Institute, Denmark) or 2𝜇g/mL recombinant Ag85A,
6 𝜇g/mL recombinant ESAT-6 to provide stimulation at 37∘C,
5% CO

2
for 20 h. After washing the plates with PBS-T20 (1

× PBS, pH 7.4, 0.05% Tween 20), biotinylated anti-IFN-𝛾
was added for 2 h at room temperature. Streptavidin-HRP
was added for 45min, and the color was developed with 3-
amino-9-ethylcarbazole (AEC) substrate (BD Biosciences).
An immunospot analyzer (Cellular Technology, USA) was
used to count the spots.

2.6. FlowCytometric Analysis of Intracellular Cytokine Produc-
tion. Splenocytes (2 × 106 cells/well) isolated at 8weeks after
immunization were plated in 96-well plates and stimulated
with 10 𝜇g/mL PPD for 14 h in the presence of 1 𝜇g/mL anti-
CD28 (BD Biosciences) and subsequently incubated for an
additional 5 h at 37∘C following the addition of 0.5 𝜇L/mL
monensin/GolgiStop (BD Biosciences). Following overnight
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incubation at 4∘C, the cells were washed in FACS buffer (PBS
containing 0.1% sodium azide and 1% FBS) and subsequently
stained for 30min at 4∘C for surface markers with mAbs
as indicated using anti-CD3-Pacific Blue, anti-CD8-FITC,
and anti-CD44-V500 (all from BD Biosciences). Cells were
then washed in FACS buffer, fixed, permeabilized using
the Cytofix/Cytoperm kit (BD Biosciences) according to
the manufacturer’s instructions and stained intracellularly
for 30min at 4∘C using anti-IFN-𝛾-APC-Cy7, anti-TNF-𝛼-
Percp-Cy5.5, and anti-IL-2-APC mAbs (all from BD Bio-
sciences). Cells were subsequently washed, resuspended in
FACS buffer, and then analyzed by multiparameter flow
cytometry using a BD FACSAria flow cytometer (BD Bio-
sciences). For each sample, at least 300,000 events were
collected and responses were analyzed using FlowJo software
(Tree Star, USA).

2.7. Bacterial CFU Assay. Five weeks after infection, mice
were sacrificed and the mycobacterial burden was deter-
mined by plating homogenates of lung, excluding right
postcaval lobe, and entire spleen ontoMiddlebrook 7H11 agar
plates supplemented with 10% OADC enrichment and a 4-
antibiotic mixture (40U/mL polymycin B, 4 𝜇g/mL ampho-
tericin, 50 𝜇g/mL carbenicillin, 2𝜇g/mL trimethoprim) that
prevents growth of contaminating microorganisms. Plates
were incubated at 37∘C for 3weeks in semisealed plastic bags
and then CFU were counted and expressed as log

10
CFU per

organ.

2.8. Histopathological Analysis. The right postcaval lobes
were fixed in formalin and embedded in paraffin. Then, the
embedded lung lobes were sectioned in thickness of 5 𝜇m,
stained with haematoxylin and eosin (H & E) and pho-
tographed using a Olympus CKX41 microscope (Olympus,
Japan) fitted with an Olympus DP20 camera connected to a
computer. The Image Pro Plus program (Media Cybernetics,
USA) was utilized to objectively assess the level of inflamma-
tion present in each image.The inflamed areas stained amore
intense purple than the noninflamed areas.Themean percent
of area inflamed was quantified averaging from three to five
lung sections of each of the different groups of mice.

2.9. Immunohistochemistry. Immunohistochemistry of lung
sections was performed as previously described [19]. The
antibodies were rabbit polyclonal anti-mouse TNF-𝛼
(Abcam, UK), rabbit polyclonal IFN-𝛾 antibodies (Invitro-
gen, USA), and rabbit polyclonal anti-mouse iNOS antibody
(Cayman Chemical, USA). All sections were examined by
light microscopy, and the expression of TNF-𝛼, IFN-𝛾, or
iNOS was semiquantified by intensity of positive signal using
Image Pro Plus software.

2.10. Statistical Analysis. Immune responses, protective effi-
cacies, and histopathological staining were tested by one-way
ANOVA followed by Tukey’s multiple comparison tests of the
means. Immunohistochemistry staining was compared by a
nonparametric Mann-Whitney𝑈 test. ∗𝑃 < 0.05 ∗∗𝑃 < 0.01,
or ∗∗∗𝑃 < 0.001.
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Figure 1: Expression of chimeric antigen Ag856A2 in rBCG strains
byWestern blotting. Equal amounts of lysates supernatant from cell
crude extracts of (r)BCGs were run in SDS-PAGE and then probed
with mouse antiserum to Ag85A. The origin of the lysate is marked
in the top. Band intensities of Ag856A2 and Ag85A from BCG,
rBCG186, and rBCG486 were quantified by densitometry (Image-
J software) and divided by cognate band intensity from rBCG186
(relative densitometry). Lane “r856A2” represents rAg856A2 puri-
fied after expression in E. coli and serving as the positive control.
The staining intensity of native Ag85A was roughly at the same level
in all lanes, indicating that equal amounts of whole cell lysates were
loaded.The result is representative of two independent experiments.
∗The degradative form of rAg856A2.

3. Results

3.1. rBCG Strains Overexpress Different Levels of Fusion
Protein Ag856A2. We have previously developed a novel
mycobacterial differential expression system (pMFA series)
based on theM. tb furA gene operator/promoter (pfurA) or its
derivatives. Ag856A2 was cloned into two of these plasmids,
pMFA11 and pMFA41, which drives low and high gene
expression under the control of the wild-type and modified
furA promoters, respectively [4]. By transformation of BCG,
we obtained two strains, rBCG186 and rBCG486, which
drove correspondingly low and high expression of chimeric
immunodominant antigen Ag856A2 (Figure 1, upper panel).
Quantification of the band intensities of Western-blot indi-
cated that rBCG486 roughly expressed > 3-fold of Ag856A2
than rBCG186 did (Figure 1, lower panel).

3.2. Higher Expression of Ag856A2 in rBCG Strains Induces
Higher Antigen-Specific IFN-𝛾 Response. Eight weeks after
vaccination, ELISPOT assay of splenocytes showed that more
cells in the rBCG486-vaccinated mice expressed Ag85A-
specific IFN-𝛾 compared to those of rBCG186- and BCG-
vaccinated mice (Figure 2, left panel). Also, significantly
elevated numbers of splenocytes expressed ESAT-6-specific
IFN-𝛾 in both rBCG186- and rBCG486-vaccinated mice
compared to that of BCG-vaccinated mice (Figure 2, middle
panel). Additionally, ESAT-6-specific IFN-𝛾 was induced at
much higher level in rBCG486-vaccinated mice compared to
rBCG186 group (Figure 2, middle panel). A similar pattern
of PPD-specific IFN-𝛾 responses as Ag85A-specific response
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Figure 2: ELISPOT assays of M. tb-specific IFN-𝛾 producing splenocytes in (r)BCGs-vaccinated mice. Eight weeks after vaccination,
splenocytes were isolated and then incubated with purified Ag85A, ESAT-6, or PPD for ex vivo IFN-𝛾 ELISPOT assay. Column diagram
for mean number of spot-forming units (SFU) ± SD (𝑛 = 6) were shown. ∗𝑃 < 0.05 or ∗∗∗𝑃 < 0.001 (one-way ANOVA).

was also observed but the difference was not statistically
significant, regarding to the comparisons of rBCG486-
vaccinatedmice and other immunized groups (Figure 2, right
panel).

3.3. rBCG Vaccination Induce Higher IL-2-Producing CD4
T Cell Responses. We used flow cytometry to measure the
capacity of M. tb-specific CD4 T cells from spleens of
vaccinated mice producing cytokines IFN-𝛾, TNF-𝛼, and IL-
2 at single cell level after stimulation in vitro with PPD.
The cytokine-producing CD3+CD4+ cells were classified into
seven subpopulations based on their production of IFN-𝛾,
TNF-𝛼, and IL-2 in any combination (Figure 3(a)).

Significantly increased frequencies of PPD-specific IL-
2+ CD4 T cells were identified in rBCG-vaccinated mice,
whereas increased frequencies of IFN-𝛾+ cells were identified
in BCG-vaccinated mice even though statistically insignif-
icant (Figure 3(a)). The pie chart of this data clarified the
dominance of IL-2+ CD4 T cells in rBCG-vaccinated mice,
while IFN-𝛾+ CD4 T cells dominated the responses of BCG-
vaccinated mice (Figure 3(b)). rBCG and BCG-vaccination
did not differ in their ability to induce M. tb-specific CD4 T
cells producing other combinations of cytokines (𝑃 > 0.05).
In accordance, we also observed higher integrated mean
fluorescence intensities (iMFI = %frequency × MFI) of IL-2
in IL-2-producing CD4 T cells, even though it is statistically
insignificant (Figure 3(c)).

3.4. Enhanced Protection Conferred by rBCG Vaccination.
In general, rBCG induced higher antigen-specific cytokine
responses as compared to BCG (Figures 2 and 3), and
rBCG486 induced higher antigen-specific IFN-𝛾 response
(Figure 2) and comparable frequency of M. tb-specific CD4
T cells expressing IL-2 (Figure 3).Then, we further compared
the protective efficacies of rBCG486, rBCG186, and BCG
against M. tb-challenge. As shown in Figure 4(a), 5 weeks
after challenge all vaccinatedmice had a significantly reduced
bacillary load in lungs, when compared to the saline-treated
mice. Vaccination with BCG and rBCG186 resulted in a
comparable reduction in bacillary load (Figure 4). However,
even though rBCG486 vaccination induced a significantly

greater protection when compared to the BCG-vaccinated
mice, it showed no difference of protection when compared
to the rBCG186-vaccinated mice (Figure 4(a)). The bacillary
loads in spleens shared the similar pattern as those in lungs,
with rBCG486-vaccinatedmice having far fewer bacilli when
compared to the saline-treated or BCG-vaccinated mice
and having comparable bacilli compared to the rBCG186-
vaccinated mice (Figure 4(b)).

3.5. Reduced Pulmonary Inflammation following rBCG Vac-
cination. Five weeks after challenge, M. tb infection caused
severe pathology changes in saline-treated mice, with about
24.3% of the tissue showing extensive multifocal gran-
ulomatous infiltration, characterized by numerous foamy
macrophages surrounded by inflammatory cells (Figure 5).
However, all the vaccinated groups of mice had significantly
reduced pulmonary granulomatous consolidation compared
to the unvaccinated mice (i.e., 13.42% consolidation in BCG-
vaccinated group, 7.24% in rBCG186-vaccinated group, and
4.87% in rBCG486-vaccinated group).The rBCG-vaccinated
mice showed the mildest pathology, and all of the mice in
these two groups had mainly well-preserved alveolar spaces
with only a few scattered areas of diffused infiltration (Figure
5).

3.6. Localization of TNF-𝛼, IFN-𝛾, and Inducible Nitric Oxide
Synthase (iNOS) inM. tb Infected Lung. Immunohistochemi-
cal staining of the lung tissues showed the presence of TNF-𝛼,
IFN-𝛾, and iNOS in all groups of infected mice and staining
was strongest in the granulomatous lesions compared to
that in the nongranulomatous areas. However, the extent of
staining varied among the groups. Five weeks after infection,
a very high level of TNF-𝛼was observed in the lungs of saline-
treated mice (Figure 6(a)); TNF-𝛼 staining was extensive in
necrotic areas within the advanced coalescent granulomas.
Vaccination with BCG resulted in the reduced amounts of
TNF-𝛼 expression, even though statistically insignificant.
In contrast, rBCG-vaccinated mice, especially rBCG486-
vaccinated mice, showed only a little weak staining for TNF-
𝛼 and this was restricted primarily to the granuloma core
(Figure 6(a)). Similar patterns of IFN-𝛾 and iNOS staining
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Figure 3: Flow cytometric analysis of intracellular cytokine production after immunization. Eight weeks after vaccination, splenocytes
from 6 mice were isolated, pooled and stimulated with PPD for 14 h, and then analyzed for cytokine production by intracellular cytokine
staining (ICS) assay. CD3+CD4+ T cells producing IFN-𝛾, TNF-𝛼, and IL-2 were distinguished as seven distinct subpopulations based on
their production of these cytokines in any combination. The subpopulation proportions as components of the total CD4+ T cell population
are shown (a) and their proportions as components of the seven subpopulations are shown in pie chart form (b). Integratedmean fluorescence
intensities (iMFI) of IL-2 in four cytokine profiles (c). Data are shown as mean ± SEM. ∗∗𝑃 < 0.01 (one-way ANOVA).

were also observed except that there was relatively much
weaker staining in the lungs of (r)BCG-vaccinated mice
compared to the saline-treated mice (Figures 6(b) and 6(c)).
Similar pattern of TNF-𝛼, IFN-𝛾, and iNOS staining was also
observed in the infected spleens of vaccinated mice, with
the highest staining in saline-treatedmice, moderate staining
in BCG-vaccinated mice, and the lowest staining in rBCG-
vaccinated mice (Figure S2).

4. Discussion

During the past decades, great efforts have been focused
on modifications of the current BCG vaccine to develop
new anti-TB vaccine candidates [20]. Some modified rBCG
strains, such as rBCG30 and rBCGΔUreC::Hly, have been
demonstrated to yield improved protection against M. tb
infection in experimental animal model compared to the
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Figure 5: Reduced pathology in vaccinated mice after infection. The percentage of lung area showing infiltration and consolidation was
determined by H & E staining 5 weeks after infection (a), and representative histological appearances of lung tissue are shown in the right
panel (b). ∗𝑃 < 0.05 or ∗∗𝑃 < 0.01 (one-way ANOVA).

existing BCG vaccine and have entered into clinical trial.
Nevertheless, it is promising to keep on optimization of BCG
protective immune if two points are being issued. One is the
fact that the best immunodominant antigen for TB should
be precisely defined. Another is that the expression levels of
such antigens should be optimal enough to elicit effective
immune responses [21]. Here, we constructed two rBCG
strains overexpressing immunodominant chimeric antigen
Ag856A2 at varying levels depending upon the strengths
of the different furA promoters [4] and then compared the
cellular immune response and protection in mice induced by
these two rBCG strains.

One way to improve BCG efficacy is to overexpress
mycobacterial immunodominant antigens to induce optimal
host immune responses in the life cycle of BCG within
host [12, 19]. This kind of strategy reflects that the doses

of antigens are one of pivotal factors influencing the pro-
tective efficacies of vaccines. Aagaard et al. demonstrated
that protective efficiency of TB subunit vaccines is highly
dependent on the antigen dose [14]. They vaccinated mice
with different doses of fusion protein Ag85B-TB10.4 which
were emulsified in adjuvant IC31, and the higher immune
response and protective efficacy were only observed when
the antigen was administered in proper doses, and decreasing
or increasing of the antigen dose would dramatically dwarf
the protection efficacies of the antigens [14]. In our study,
the cognate antigen Ag856A2 in rBCG186 and rBCG486
was expressed under the control of promoters pfurA and
pfurAma (Figure S1) [4]. These two promoters, by their
nature, were verified to have varied promoter activities,
with pfurA the lower one and pfurAma the higher one [4],
and were consequently used to develop the rBCG strains
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Figure 6: Localization of TNF-𝛼, IFN-𝛾, and iNOS in infected lungs of mice 5 weeks after infection. Representative photomicrographs show
immunohistochemical staining (brown color) for TNF-𝛼 (a), IFN-𝛾 (b), and iNOS (c) in pulmonary granulomas (left panel). Quantification
of staining (intensity × area of staining) is displayed as mean ± SD. ∗𝑃 < 0.05 or ∗∗𝑃 < 0.01 (Mann-Whitney 𝑈 test).
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overexpressing chimeric antigen Ag856A2 at different levels,
with lower expression in rBCG186 and higher expression in
rBCG486 (Figure 1). And different Ag856A2 antigen loading
in rBCGs resulted in differential host immune responses,
with the higher antigen-specific effector immune response
in the rBCG486-vaccinated mice as validated through in
vitro IFN-𝛾 ELISPOT assay (Figure 2). However, we did
not observe the significant differences in the qualities of
M. tb-specific CD4 T cells coexpressing IFN-𝛾, TNF-𝛼,
and IL-2 (Figure 3), nor the protection efficacies and lung
inflammations, between the two groups of rBCGs-vaccinated
mice (Figures 4 and 5). Interestingly, subtly higher percent
of polyfunctional CD4 T cells (IFN-𝛾+IL-2+TNF-𝛼+) was
observed in BCG-vaccinated mice compared to other groups
of mice (Figure 3(a)); however, the protective efficacy elicited
by BCG vaccination is not that effective as rBCGs (Figure
4). This contradictory result could be explained with the fact
that the lower iMFI values of IFN-𝛾, IL-2, and TNF-𝛼 in
BCG-vaccinated mice were observed (see the case of IL-2
in Figure 3(c) as representative). MFI provides one measure
of the quality of the immune response since the cells that
are more actively producing cytokine stain more brightly
[22], thus the lower iMFI values of cytokines reflected poor
quality although mildly higher frequency of polyfunctional
CD4 T cells was seen in BCG-vaccinated mice, and this
further emphasizes that not only the magnitude but also
the quality of vaccine-induced T cells responses are critical
to guide development of effective immunization strategies
[23]. In addition, higher IL-2 secretion, both in the levels of
percentage and iMFI, were seen in the rBCG486-vaccinated
mice than that of BCG group; this data support our recent
findings that IL-2 production in the spleens of vaccinated
mice after vaccination can predict vaccine efficacy (KangH, et
al. Immunology, 2014; in press). The same explanation might
also be used to account for the fact that although the saline-
treatedmice showed high numbers of cells producing TNF-𝛼,
the iMFI is relative low (data not shown).

The quality of T cell response has significant effect on the
establishment of protective memory [23]. As with the pheno-
typic heterogeneous nature of T cells, these cells are definitely
functional heterogeneous. Thus, in addition to monitoring
exclusively the IFN-𝛾 response after vaccination, researchers
have been focusing on the coexpression of more cytokines at
single cell level through flow cytometry technique [24, 25].
The rBCG186 or rBCG486, at least at the time we tested,
induced much higher frequencies of IL-2+ CD4 T cells
responding to PPD stimulation in splenocytes compared to
the saline-treated or BCG-vaccinated mice after vaccination,
whichwas further confirmedby higher IL-2 productionwhen
cytokine concentration was measured as iMFI value (Figure
3). Although IL-2 has little direct effector function, it has the
ability to expand effector functions of other T cells [23]. In
the linear model of differentiation for CD4+ Th1 cells, IL-2+
CD4 T cells belong to memory cells and have the potential to
differentiate into IFN-𝛾-producing cells after recalling by the
relevant antigens [23].Thus, rBCG186 and rBCG486, because
of the incorporation of chimeric antigen Ag856A2, enhance
the memory capacity of host to M. tb pathogen. However,
we did not detect any differences of CD4 T cells between

rBCG186-vaccinated and rBCG486-vaccinated mice. This
may attribute to the short vaccination time windowwe chose,
or the real differences lies in other functions of T cells which
is beyond the scope of the T cell functions currently tested
and may need to be further exploited in the future.

Effective and coordinated participation of cytokines con-
tribute to the TB control. Those relevant Th1 cytokines (e.g.,
TNF-𝛼 and IFN-𝛾), in a larger extent, function through
activation of macrophages [26]. TNF-𝛼 and IFN-𝛾 synergis-
tically inhibit the growth of M. tb in macrophages through
stimulating the production of reactive nitrogen intermediates
(RNIs) [27, 28]. As for RNIs, iNOS is the vital enzyme
involved for the production of RNIs [29, 30]. TNF-𝛼, IFN-𝛾,
and iNOS give proper containment ofM. tb in the early stage
[31]. At later stage of infectionwhen inhibition or killing ofM.
tb is well established, their levels of expressionwill go down to
a reasonable value; otherwise immune-pathological response
would happen [32]. rBCGs, especially rBCG486, induced
enhanced protection against M. tb infection in this study
(Figure 4). Consistent with the protective efficacy, the inflam-
mation responses in the infected lungs alleviated greatly
in rBCGs-vaccinated mice after infection (Figure 5). When
measuring the expression levels of inflammatory molecules,
the rBCGs-vaccinated mice also displayed reduced levels
of expression which were in accordance with the remissive
granulomatous inflammation (Figures 5 and 6).
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bacille Calmette-Guérin mutants that secrete listeriolysin,”The
Journal of Clinical Investigation, vol. 115, no. 9, pp. 2472–2479,
2005.

[4] X. Fan, H. Ma, J. Guo et al., “A novel differential expression sys-
tem for gene modulation in Mycobacteria,” Plasmid, vol. 61, no.
1, pp. 39–46, 2009.

[5] D.Maher, “Re-thinking global health sector efforts for HIV and
tuberculosis epidemic control: promoting integration of pro-
gramme activities within a strengthened health system,” BMC
Public Health, vol. 10, article 394, 2010.

[6] N. R.Gandhi, P.Nunn,K.Dheda et al., “Multidrug-resistant and
extensively drug-resistant tuberculosis: a threat to global con-
trol of tuberculosis,” The Lancet, vol. 375, no. 9728, pp. 1830–
1843, 2010.

[7] M. Opravil, “Epidemiological and clinical aspects of mycobac-
terial infections,” Infection, vol. 25, no. 1, pp. 56–59, 1997.

[8] P. W. Roche, J. A. Triccas, and N. Winter, “BCG vaccination
against tuberculosis: past disappointments and future hopes,”
Trends in Microbiology, vol. 3, no. 10, pp. 397–401, 1995.

[9] A. S. Pym, P. Brodin, L. Majlessi et al., “Recombinant BCG
exporting ESAT-6 confers enhanced protection against tuber-
culosis,” Nature Medicine, vol. 9, no. 5, pp. 533–539, 2003.

[10] M. A. Horwitz, G. Harth, B. J. Dillon, and S. Maslesa-
Galic, “Recombinant bacillus Calmette-Guerin (BCG) vaccines
expressing the Mycobacterium tuberculosis 30-kDa major
secretory protein induce greater protective immunity againts
tuberculosis than conventional BCG vaccines in a highly sus-
ceptible animal model,” Proceedings of the National Academy of
Sciences of theUnited States of America, vol. 97, no. 25, pp. 13853–
13858, 2000.

[11] S. H. E. Kaufmann, “Tuberculosis vaccine development:
strength lies in tenacity,” Trends in Immunology, vol. 33, no. 7,
pp. 373–379, 2012.

[12] T. H. M. Ottenhoff and S. H. E. Kaufmann, “Vaccines against
tuberculosis: Where are we and where do we need to go?” PLoS
Pathogens, vol. 8, no. 5, Article ID e1002607, 2012.

[13] N. Dhar, V. Rao, and A. K. Tyagi, “Skewing of the Th1/Th2 res-
ponses in mice due to variation in the level of expression of an
antigen in a recombinant BCG system,” Immunology Letters, vol.
88, no. 3, pp. 175–184, 2003.

[14] C. Aagaard, T. T. K. T. Hoang, A. Izzo et al., “Protection and
polyfunctional T cells induced by Ag85B-TB10.4/IC31 against
Mycobacterium tuberculosis is highly dependent on the antigen
dose,” PLoS ONE, vol. 4, no. 6, Article ID e5930, 2009.

[15] S. Tollefsen, T. E. Tjelle, J. Schneider et al., “Improved cel-
lular and humoral immune responses against Mycobacterium
tuberculosis antigens after intramuscular DNA immunisation
combined withmuscle electroporation,”Vaccine, vol. 20, no. 27-
28, pp. 3370–3378, 2002.

[16] D. X. Johansson, K. Ljungberg, M. Kakoulidou, and P. Lil-
jeström, “Intradermal electroporation of naked replicon rna
elicits strong immune responses,”PLoSONE, vol. 7, no. 1, Article
ID e29732, 2012.

[17] Z. Li, D. Song, H. Zhang et al., “Improved humoral immunity
against tuberculosis ESAT-6 antigen by chimeric DNA prime
and protein boost strategy,”DNA and Cell Biology, vol. 25, no. 1,
pp. 25–30, 2006.

[18] J. Wu, H. Ma, Q. Qu et al., “Incorporation of immunostimula-
tory motifs in the transcribed region of a plasmid DNA vaccine
enhances Th1 immune responses and therapeutic effect against
Mycobacterium tuberculosis inmice,”Vaccine, vol. 29, no. 44, pp.
7624–7630, 2011.

[19] R. Jain, B. Dey, N. Dhar et al., “Enhanced and enduring protec-
tion against tuberculosis by recombinant BCG-Ag85C and its
association with modulation of cytokine profile in lung,” PLoS
ONE, vol. 3, no. 12, Article ID e3869, 2008.

[20] P. Andersen, “TB vaccines: progress and problems,” Trends in
Immunology, vol. 22, no. 3, pp. 160–168, 2001.

[21] V. Rao, N. Dhar, and A. K. Tyagi, “Modulation of host immune
responses by overexpression of immunodominant antigens of
Mycobacterium tuberculosis in bacille Calmette-Guérin,” Scan-
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Mycobacterium tuberculosis infection is still a major global public health problem. Presently the only tuberculosis (TB) vaccine
available is Bacille Calmette-Guérin (BCG), although it fails to adequately protect against pulmonary TB in adults. To solve this
problem, the development of a new effective vaccine is urgently desired. BCG-prime DNA-booster vaccinations strategy has been
shown to induce greater protection against tuberculosis (TB) than BCG alone. Some studies have demonstrated that the two genes
(Rv1769 and Rv1772) are excellent T-cell antigens and could induce T-cell immune responses. In this research, we built BCG-C or
BCG-P prime-recombination plasmid PcDNA3.1-Rv1769 or PcDNA3.1-Rv1772 boost vaccinations strategy to immunize BALB/c
mice and evaluated its immunogenicity. The data suggests that the BCG-C+3.1-72 strategy could elicit the most long-lasting and
strongest Th1-type cellular immune responses and the BCG-C+3.1-69 strategy could induce the high level CD8+ T-cell response at
certain time points.These findings support the ideas that the prime-boost strategy as a combination of vaccines may be better than
a single vaccine for protection against tuberculosis.

1. Introduction

Today tuberculosis (TB) still remains a major infectious
cause of morbidity and mortality worldwide, one-third of
the world’s population is latently infected with Mycobac-
terium tuberculosis. Bacille Calmette-Guérin (BCG) is the
only available vaccine against tuberculosis presently, and the
protective efficacy of it is variable from 0 to 80% in many
field trials and is unclear in pulmonary TB in adults [1], but
it prevents miliary tuberculosis in newborns and toddlers
[2, 3]. The cause of these large differences in vaccine-induced
protection is poorly understood, and some of its limitations
may involve short-lived BCG-induced immune reactivity.
This raises an issue that a novel TB vaccine which can protect
adults against tuberculosis is urgently needed [3, 4], while
BCG vaccination of newborns should be continued as it is
effective. Previous TB vaccines are classified into 4 main
groups: (1) DNA vaccines, (2) recombinant BCG vaccines,

(3) subunit vaccines, and (4) attenuated vaccines, and cur-
rently most efforts to improve the protective immunity of
BCG are focused on strategies that incorporate priming with
BCG, recombinant BCG, or other attenuated mycobacteria
followed by a heterologous booster immunization that aims
to improve the duration and efficacy of the responses [5–
7]. Considering all kinds of reasons, we decide to choose
the heterologous prime-boost vaccination strategy comprised
of priming with BCG and boosting with a novel vaccine
candidate [8, 9].

Cellular immune responses are critical for the control
of Mycobacterium tuberculosis infection, which depends on
polyfunctional CD4+ and CD8+ T-cell responses [10, 11].
T helper type 1 (Th1) CD4+ T cell can primarily secrete
interferon-𝛾 (IFN-𝛾), which is important in M. tuberculosis
infection and disease prevention [12]. CD8+ cytolytic T lym-
phocytes (CTLs) are essential for clearance of intracellularM.
tuberculosis infection [13] by secreting perforin, granulysin,
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Table 1: Heterologous prime-boost immunization schedule.

Group Prime Boost1 Boost2
PBST PBST PBST PBST
BCG-C BCG-China PBST PBST
BCG-P BCG-Pasteur1173 PBST PBST
BCG-C+pcDNA3.1 BCG-China Plasmid pcDNA3.1 Plasmid pcDNA3.1
BCG-P+pcDNA3.1 BCG-Pasteur1173 Plasmid pcDNA3.1 Plasmid pcDNA3.1
BCG-C+3.1-69 BCG-China Plasmid pc-Rv1769 Plasmid Pc-Rv1769
BCG-P+3.1-69 BCG-Pasteur1173 Plasmid pc-Rv1769 Plasmid Pc-Rv1769
BCG-C+3.1-72 BCG-China Plasmid pc-Rv1772 Plasmid Pc-Rv1772
BCG-P+3.1-72 BCG-Pasteur1173 Plasmid pc-Rv1772 Plasmid Pc-Rv1772

Timeline in weeks 0
↓

3
↓

6
↓

and extracellular enzymes into the immunological synapse
[14]. Heterologous prime-boost strategy has been used in
many models of pathogenic infections [15], and some studies
demonstrate that prime-boost strategies using BCG as prime
and heterologous constructs such as recombinant DNA,
recombinant adenovirus, and recombinant poxviruses as
boosting immunogens can enhance CD4+ and CD8+ T-cell
responses against TB [6, 7, 16–18].

To search for a novel effective vaccine candidate to
improve the protection of BCG, many strategies have been
attempted and a number of antigens have been studied. In our
research, we choose two BCG substrains (BCG-Pasteur1173
and BCG-China) which are different in two deletions called
RD14 and N-RD18 [19, 20], which are present in BCG-China,
but absent in BCG-Pasteur1173. We notice two genes (Rv1769
and Rv1772) in RD14 deletion, which have been studied
superficially, and some research has indicated that Rv1769 and
Rv1772 should be considered for potential subunit vaccines
[21, 22].

In previous work, researchers paid much attention to
ESAT-6, CFP-10, and Ag85 [7, 16, 23–25], and little attention
has been paid to the RD14 deletion. Maybe the genes located
in this deletion are responsible for different immunogenicity
between the BCG-Pasteur and BCG-China. Based on all
of the reasons above, we have constructed several vaccina-
tion strategies primed with BCG-C or BCG-P and boosted
with recombination plasmid pcDNA3.1-Rv1769 or pcDNA3.1-
Rv1772 to immunize BALB/cmice and evaluated its immuno-
genicity. This study shows that this strategy can elicit potent
humoral and cellular immune responses comprising both
CD4+ and CD8+ T cells against TB in mice, but its protective
efficacy was not to be demonstrated in this study.

2. Materials and Methods

2.1. Bacterial Strains, Media, and Plasmids. M. bovis BCG-
Pasteur and BCG-China were kindly provided by the
Chengdu Biological Products Institute. BCGs were main-
tained in Sauton’s medium (MgSO

4
0.5 g, K

2
HPO
4
0.5 g,

citric acid 2 g, sodium glutamate 8 g, glycerol 60mL, ZnSO
4

0.01 g, and ferrum-ammonium citrate 0.05 g in 1000mL,
pH1.4–7.5). The plasmid was originally conserved in our
laboratory.

2.2. Plasmid Construction. The Rv1769 and Rv1772 genes
were amplified from the BCG-China genome and cloned into
pcDNA3.1(+) plasmid to generate recombinant pcDNA3.1-
Rv1769 and pcDNA3.1-Rv1772. The sequences were con-
firmed by sequencing by Invitrogen (Shanghai, China).
Endotoxin-free plasmids were prepared using an EndoFree
plasmid purification kit (OMEGA, USA). Plasmids were
adjusted to a final concentration of 1mg/mL in PBS and
stored at −20∘C.

2.3. Animals and Immunization Protocol. 4-5-week-old
pathogen-free BALB/c male mice were purchased from
the Laboratory of Animals Institute in Sichuan University
(Chengdu, China). The vaccination schedules of mice are
shown in Table 1. Groups of BALB/c (𝑛 = 18) were primed
with PBST, BCG-China, or BCG-Pasteur1173 at week 0 and
boosted with plasmid DNA or control plasmid at week 3
and week 6. Mice were immunized subcutaneously with
5 ∗ 10

6 CFU of BCG in a volume of 0.1mL per mouse and
intramuscularly with 50𝜇g DNA in a volume of 0.1mL each
time per mouse. Mice were put to death at 10, 14, 18, and 22
weeks (four mice for each group at each time point). Blood
was collected from retroorbital sinus and the sera were stored
at −20∘C after separation until used.

2.4. ELISA for Antibody Response. Specific antibodies against
TB were determined by an indirect ELISA method. The
method was described as previous [22, 26]. Each sera sample
was tested in three replicates, and the results are expressed as
mean ± standard errors.

2.5. Proliferation of Splenocytes. The animals were sacri-
ficed as previously described and the spleens were removed
aseptically. The proliferation of lymphocyte were tested by
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MTT assay [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetra-
zoliumbromide]. The method was described as previous [22,
27].The results are expressed as the value of stimulation index
(SI). SI = OD of stimulated well/OD of unstimulated well.

2.6. Flow Cytometry. The splenocytes were prepared and
cultured as previously described [27, 28], and the splenocytes
were plated in 6-well flat-bottom plates (5 ∗ 106 cells in 2mL
of cRPMI per well) with 100 𝜇L TB-PPD (1 𝜇g/mL; XiangRui
Biotech, Ltd., Beijing, China) in each well and incubated for
72 h (37∘C, 5%CO

2
). The cells were collected and washed

three times with 0.1M PBS (PH = 7.2), and then rabbit anti-
Mouse CD4+-PE and anti-Mouse CD8+-FITC (eBioscience,
USA) were added into EP tube for a 30min incubation in an
ice-bath keep out of the sun. Finally, the cells were washed
twice again and the proportions of CD4+ and CD8+ T cells
were determined by flow cytometry (FACSCalibur, BD).

2.7. Cytokine Release Assay. The splenocytes were dealt with
in the sameway as flow cytometry assay previously described,
and concentrations of IFN-𝛾 and IL-4 in the medium were
measured by an ELISA kit (eBioscience, USA) according to
the manufacture’s protocol.

2.8. Statistical Analysis. Measurements of these data are
expressed as the mean ± standard errors (S.E.). We used
one-way ANOVA to analyze the differences among the
groups and post hoc test to analyze the differences between
two groups. When 𝑃 value < 0.05, the differences were
considered statistically significant.

3. Results

3.1. Antibodies in the Serum. The antibody titers were
detected by ELISA assay to reflect the humoral immune
response against TB. The levels of antibody response in the
sera of the immunizedmice at different time points are shown
in Figure 1. The results show that firstly the titers of IgG and
IgG2a antibodies in the group immunized with BCG-C+3.1-
69 and BCG-C+3.1-72 were higher than those in the other 7
groups at the 8th week (𝑃 < 0.01); secondly the IgG titers
in group BCG-C+3.1-69 were higher than those in the BCG-
P+3.1-72, PBST, plasmid controls, and positive controls at the
4th and 12th weeks (𝑃 < 0.05) and were higher than those
in the other 8 groups at the 16th week (𝑃 < 0.05); thirdly
the titers of IgG2a antibodies in the group immunized with
BCG-C+3.1-69 and BCG-C+3.1-72 were higher than those
in the BCG-P+3.1-72, PBST, plasmid controls, and positive
controls at the 12th week (𝑃 < 0.05). Besides, the titers of IgG1
antibodies in the group immunized with BCG-C+3.1-69 were
higher than those in the other 8 groups at the 4th, 8th, and
16th weeks (𝑃 < 0.05). Figure 1(d) shows that groups BCG-
C+3.1-69, BCG-C+3.1-72, BCG-P+3.1-69, and BCG-P+3.1-72
all indicated a shift towards a Th1 immune response at the
12th week.

3.2. Lymphoproliferation Assay. To detect the cell-mediated
immune response, the splenic lymphocyte proliferation was
assessed byMTT assay.The results show that the proliferation
of splenocytes in the BCG-C+3.1-69, BCG-C+3.1-72, BCG-
P+3.1-69, andBCG-P+3.1-72 groupswere higher than those in
the PBST, plasmid controls, and positive controls at the 12th
week (𝑃 < 0.01), but there were no significative statistical
differences between the above four groups (BCG-C+3.1-69,
BCG-C+3.1-72, BCG-P+3.1-69, and BCG-P+3.1-72), while
the group BCG-C+3.1-69 showed greater proliferation of
splenocytes than the other 8 groups at the 4thweek (𝑃 < 0.05)
and than the BCG-C+3.1-72, PBST, plasmid controls, and
positive controls groups at the 8th week (𝑃 < 0.05). The SI
value in the BCG-C+3.1-69 andBCG-C+3.1-72 groups peaked
at the 12th week, and the proliferation level decreased after
this time. Importantly, the proliferation reaction of group
BCG-C+3.1-72 still maintains at a high level at the 16th week
(Figure 2).

3.3. Percentages of Splenocyte Subsets. The proportions of
splenocyte subsets were measured by flow cytometry. As
Figure 3 shows, the BCG-C+3.1-72 group induced a signifi-
cantly greater ratio of CD4+ T cells at the 8th week compared
with BCG-P+3.1-69, BCG-P+3.1-72, PBST, plasmid controls,
and positive controls groups (𝑃 < 0.05). In addition,
the BCG-C+3.1-69, BCG-C+3.1-72, BCG-P+3.1-69, and BCG-
P+3.1-72 groups induced a significantly greater ratio of CD4+
T cells at the 12th week compared with PBST, plasmid
controls, and positive controls groups (𝑃 < 0.01), and the
status of BCG-C+3.1-69, BCG-C+3.1-72, and BCG-P+3.1-69
groups lasted to the 16th week except the group BCG-P+3.1-
72. Finally, the proportions ofCD8+ Tcells in the BCG-C+3.1-
69 groupwas higher than that in the other 8 groups at the 12th
week (𝑃 < 0.05) (Figure 3).

3.4. Cytokine Production. To determine Th1- and Th2-type
immune response, the IFN-𝛾 and IL-4 were detected from
restimulated spleen cells by ELISA. According to Figure 4,
the results clearly showed that the concentrations of IFN-𝛾
in the group BCG-C+3.1-69 and BCG-C+3.1-72 were higher
than those in the other 7 groups at the 12th week (𝑃 < 0.05),
and the IFN-𝛾 concentrations of the BCG-C+3.1-72 were
higher than those of the groups BCG-C+3.1-69, BCG-P+3.1-
69, PBST, plasmid controls, and positive controls at the 8th
week (𝑃 < 0.05) (Figure 4). IL-4 maintained at a low level,
and there were no significantly changes among any groups
including PBST group (𝑃 > 0.05) (data not shown).

4. Discussion

Heterologous prime/boost vaccination strategies employing
recombinant bacteria, viruses, proteins, and naked DNA
have been shown to elicit stronger and more diverse cellular
immune responses than BCG vaccine alone [5–7, 22]. In
humans, DNA vaccines alone have not provided satisfactory
results, whereas DNA vaccines produced better outcomes
when immunized as a prime-boost strategy [29, 30].
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Figure 1: Analysis of the antibody responses via testing the IgG, IgG1, and IgG2a by ELISA. Animals were immunized and harvested at
the indicated time points. The sera were obtained and tested for specific antibody levels. Results are expressed as mean ± standard errors.
∗

𝑃 < 0.01 versus PBST, BCG-C, BCG-P, BCG-C+pcDNA3.1, or BCG-P+pcDNA3.1 groups. #
𝑃 < 0.01 versus BCG-P+3.1-69 or BCG-P+3.1-72

group. ◊𝑃 < 0.05 versus BCG-P+3.1-72 group. f
𝑃 < 0.05 versus BCG-P+3.1-69, BCG-C+3.1-72 or BCG-P+3.1-72 group.

According to these former observations, we built this work
to evaluate the immunogenicity of two genes (Rv1769 and
Rv1772) by a heterologous prime/boost strategy. The data
of this paper supports the theory that heterologous prime-
boost vaccination significantly induces more robust cellular
immune responses than BCG vaccine alone.

Previously, numerous prime-boost vaccination protocols
have demonstrated varying success when carried out in vari-
ous infectious disease models. In tuberculosis experiments,
prime-boost vaccination protocols include BCG/protein
prime-boost [8, 22], DNA/protein prime-boost [31], DNA/
adenovirus 5 prime-boost [32], DNA/BCG prime-boost [33],
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Figure 2: Analysis of the lymphoproliferative response to the prime-
boost approach. Splenocytes were prepared from individual mice
after the animals were killed, and proliferationwas analyzed byMTT
method using the TB-PPD stimulating as described in Section 2.
The proliferation was measured by SI, and the data are presented as
means ± standard errors. ∗𝑃 < 0.01 versus PBST, BCG-C, BCG-P,
BCG-C+pcDNA3.1, or BCG-P+pcDNA3.1 groups. #

𝑃 < 0.05 versus
BCG-C+3.1-72 group. ◊𝑃 < 0.05 versus BCG-C+3.1-72 or BCG-
P+3.1-72 group. f

𝑃 < 0.05 versus BCG-P+3.1-69, BCG-C+3.1-72,
or BCG-P+3.1-72 groups.

and BCG/MVA prime-boost [5] vaccination schedules, and
these prime-boost protocols used Ag85A [5, 8], MT 1721
[31], ESAT-6 [33], Rv1769, and Rv1772 [22] as antigens.
Considering a BCG immunization is done in early childhood,
our study has begun with a BCG prime.

Antigens Rv1769 and Rv1772 are interesting because the
coding genes are present in the genome of BCG-China, only
deleted from the BCG-Pasteur. We suppose that overexpres-
sion of the genes enhances the immune response of the
existing BCG. More importantly, we succeeded in improving
the vaccine immunogenicity of the BCG by using a prime-
boost vaccination.

The pathogenic bacterium of TB isMycobacterium tuber-
culosis, which is intracellular bacteria and cell immune is
very important in clearance of it. In the early infection, the
CD4+ T cell can release IFN-𝛾, IL-2, and TNF-𝛼, which
can activate macrophages to fight against M. tuberculosis
[34]. In this paper, IFN-𝛾, as the representative, was detected
by ELISA, and the results show that groups BCG-C+3.1-
69 and BCG-C+3.1-72 were of the highest levels of IFN-
𝛾 concentrations. In addition, flow cytometry results show
that groups BCG-C+3.1-69 and BCG-C+3.1-72 can induce
the greatest ratio of CD4+ T cells. According to the data
of flow cytometry, we have observed that CD4+ T cells
and IFN-𝛾 levels of BCG-C+3.1-72 rise from 8th week and
down after the 12th week; however, great ratio of CD4+
T cells of BCG-C+3.1-69 lasted to even the 16th week. So,

we suppose that the group BCG-C+3.1-69 may enhance a
stronger and longer-lasting T-cell immune response against
M. tuberculosis early infection. Recently, numerous studies
indicate that CD8+ T cells are critical for the induction of
protective TB immunity in humans [35], NHPs [36], rodents
[37], and cattle [38]. The CD8+ T cells can secrete perforin,
granulysin, and extracellular enzyme to promote bacterial
schizolysis [13, 34]. In our research, flow cytometry results
show that the proportions of CD8+ T cells in the BCG-C+3.1-
69 group was the highest at the 12th week with 𝑃 < 0.05.
Considering these, we have thought about the group BCG-
C+3.1-69 not only induced polyfunctional CD4+ T cells, but
also a robust CD8+ T-cell response in mice.

To measure the TH1-type immune response better, we
also determined the antibody responses induced by these
vaccine candidates. The results reveal that groups BCG-
C+3.1-69 and BCG-C+3.1-72 can elicit high levels of IgG
and IgG2a antibodies and also last a long time. Besides, the
ratio of IgG2a/IgG1 shows a shift towards aTh1-type immune
response.

Lastly, the proliferation rate of splenocytes increased con-
sistently with the other experimental results; the splenocytes
proliferation rate in group BCG-C + 3.1-69 rises in the 4th
week and reaches the peak value in the 12th week. Due to
the arguments above, we believe that the group BCG-C + 3.1-
69 can induce stronger and longer-lasting TH1-type immune
response than native BCG or other prime-boost groups in
mice having CD4+ and CD8+ T cells.

Some research has demonstrated that BCG and recom-
binant BCG can induce central memory CD8+ T-cell differ-
entiation in vivo [6, 39]. Because CD4+ T helper cells are
important for driving memory CD8+ T-cell differentiation
[40, 41], the ability of BCG to generate memory CD8+ T
cells could make it have the propensity to stimulate CD4+ T
helper cells growth. It has been suggested that the functional
heterogeneity of T-cell responses may be associated with suc-
cessful containment of microbial infections. The extent of T-
cell polyfunctionality has been correlated with the protection
against leishmaniasis in mice, HIV-1 in humans [42, 43], and
SIV in nonhuman primates [44]. In this study, a prime BCG-
boost DNA strategy can induce CD8+ T-cell differentiation as
well as CD4+ T cell; we suppose that this vaccination strategy
may obtain success against TB in humans and gene Rv1769
may be an excellent vaccine candidate.

The prime BCG-boost plasmid Rv1769 strategy improved
the vaccine immunogenicity of BCG, and the subunit vacci-
nation can be used to improve preexisting immunogenicity
evoked by BCG and even be used in future clinical trials.
More recent protocols show that naked DNA performs better
in macaques and humans as part of a prime-boost regime
[30]. Therefore, BCG prime and naked DNA boost vaccina-
tion should be used for several reasons: firstly BCG needs
to be included in future vaccine trials against tuberculosis;
secondly naked DNA vaccination has been shown to be
effective as a submit vaccine in prime-boost vaccination
protocols; lastly this vaccination regime can improve BCG-
induced immunogenicity.

In summary, our results provide evidence that a BCG-
naked DNA prime-boost vaccination protocol represents
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Figure 4: Analysis of IFN-𝛾 released from splenocytes. After
animals were harvested; splenocytes were collected and prepared
as described in Section 2. IFN-𝛾 concentration in the medium was
measured by ELISA kit according to the manufacturer’s protocol.
Triplicate tests were done for eachmedium sample. ∗𝑃 < 0.01 versus
PBST, BCG-C, BCG-P, BCG-C+pcDNA3.1, or BCG-P+pcDNA3.1
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𝑃 < 0.05 versus BCG-P+3.1-69 or BCG-P+3.1-72 group.
◊

𝑃 < 0.05 versus BCG-C+3.1-69 group. f
𝑃 < 0.05 versus BCG-

C+3.1-69 or BCG-P+3.1-69 group.

a valuable candidate (gene Rv1769) for future vaccine trials
targeted at one of the major health problems worldwide.

In the future, we would consider building an in vivo chal-
lenge model to extend our findings to an infection/disease
protection system.
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