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Abstract
A better understanding of the kinetics of accumulated immune cells that are involved in

pathophysiology duringMycobacterium tuberculosis (Mtb) infection may help to facilitate

the development of vaccines and immunological interventions. However, the kinetics of

innate and adaptive cells that are associated with pathogenesis during Mtb infection and

their relationship to Mtb virulence are not clearly understood. In this study, we used a

mouse model to compare the bacterial burden, inflammation and kinetics of immune cells

during aerogenic infection in the lung between laboratory-adapted strains (Mtb H37Rv and

H37Ra) and Mtb K strain, a hyper-virulent W-Beijing lineage strain. The Mtb K strain multi-

plied more than 10- and 3.54-fold more rapidly than H37Ra and H37Rv, respectively, during

the early stage of infection (at 28 days post-infection) and resulted in exacerbated lung

pathology at 56 to 112 days post-infection. Similar numbers of innate immune cells had infil-

trated, regardless of the strain, by 14 days post-infection. High, time-dependent frequencies

of F4/80-CD11c+CD11b-Siglec-H+PDCA-1+ plasmacytoid DCs and CD11c-CD11b+Gr-1int

cells were observed in the lungs of mice that were infected with the Mtb K strain. Regarding

adaptive immunity, Th1 and Th17 T cells that express T-bet and RORγt, respectively, signif-

icantly increased in the lungs that were infected with the laboratory-adapted strains, and the

population of CD4+CD25+Foxp3+ regulatory T cells was remarkably increased at 112 days

post-infection in the lungs of mice that were infected with the K strain. Collectively, our find-

ings indicate that the highly virulent Mtb K strain may trigger the accumulation of pDCs and

Gr1intCD11b+ cells with the concomitant down-regulation of the Th1 response and the main-

tenance of an up-regulated Th2 response without inducing a Th17 response during chronic

infection. These results will help to determine which immune system components must

be considered for the development of tuberculosis (TB) vaccines and immunological

interventions.
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Introduction
Mycobacterium tuberculosis (Mtb) causes tuberculosis (TB) and leads to the most infectious
bacteria-related mortalities in the world [1]. In 2014, there were 8.6 million new cases of TB
and 1.3 million deaths from TB that were reported by the World Health Organization, indicat-
ing that improved treatment and prevention strategies are urgently needed [1]. Because only
approximately 5 to 10% of immunocompetent individuals develop active TB during their life-
times, host immune status is considered to be a major factor driving TB infection [2]. However,
current TB pathogenesis paradigms are changing with respect to pathogen diversity because
more virulence has been identified in Mtb clinical isolates than was previously anticipated [3].
Recently, the paradigm has shifted to focus on understanding the immunology of and granu-
loma formation in primary and post-primary TB [4]. For example, virulent Mtb releases large
amounts of trehalose-6,6’-dimycolate (TDM; also known as cord factor) during growth [4].
Cord factor could influence granuloma development after the adaptive transfer of CD4+ T cells
from TDM-immunized mice, which could provide a better understanding of TB pathogenesis
in terms of cellular immunity [4, 5].

To date, most virulence studies of different Mtb strains have focused on the laboratory-
adapted reference strains Mtb H37Rv and H37Ra, which are virulent and attenuated strains,
respectively [6, 7]. In addition, many studies have used a specific genetic knockout mouse to
investigate TB pathogenesis [8–10]. However, there have not been studies to investigate the effect
of switching the immune cell population and to examine the resulting virulence of Mtb strains,
including clinical isolates in immunocompetent conditions. Most of the previous studies investi-
gated immune-related factors at specific time point post-infection [11–13]. It is important to
directly study the events occurring in vivo from very early time points to late time-points. It is
also important to investigate the increases or decreases of specific cell populations during lung
infections in a time- and virulence-dependent manner, including those of innate cells and T cells.

Mtb strains in different populations or geographical locations can exhibit different levels of
virulence during the human-adaptation process, with consequent varying epidemiological
dominance (e.g., Beijing and Euro-American Haarlem) [14, 15]. Importantly, clinical and epi-
demiological studies have shown that the emergence of the Beijing strains may be associated
with multi-drug resistance and a high level of virulence, resulting in increased transmissibility
and rapid progression from infection to active disease [16, 17]. In addition, Mtb belonging to
the Beijing genotypes induces more disease progression and relapse from the latent state [16,
17]. For example, HN878 belongs to the Beijing lineage, and it has been the causative agent of
major TB outbreaks. It causes rapid disease progression to death in comparison to other clini-
cal isolates (CDC1551) and to the reference virulent strain H37Rv [18, 19]. In addition, a low-
dose infection of C57BL/6 mice with Mtb strain 1471 of the Beijing genotype family caused the
rapid development of extensive granulomatous inflammation with necrotic areas and intense
bacillus dissemination, rapidly leading to animal death [20]. However, the exact pathogenesis
of Beijing isolates is inconclusive, and the isolates demonstrate a wide range of inflammatory
and virulence phenotypes, as determined in animal models and in in vitromodels of macro-
phage infection [20]. Factors that contribute to the pathogenesis of the Beijing genotype with
respect to the host immune response remain largely unknown.

The Mtb K strain phylogenetically belongs to the Beijing genotype; it was most widely iso-
lated in an outbreak of pulmonary TB in senior high schools in South Korea [21]. Importantly,
our previous study showed that Mtb K replicated rapidly during the early stages of infection in
a murine model of TB with a more severe pathology [22]. During the study, intriguingly, we
observed that there was only a small colony forming unit (CFU) difference at later time points
(> 12 weeks post-infection) between the K strain and H37Rv, but the K strain led to death
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earlier than H37Rv because of an excessive host immune response [22]. Thus, the immunopa-
thology that was induced by hypervirulent Mtb or by the host immune responses during lung
infection led us to investigate the kinetics of the host immune cell response in Mtb pathogene-
sis. In particular, early alterations in innate immune cells have attracted less attention than
adaptive immune responses, such as those involving T cells. Thus, a better understanding of
immune cell kinetics and of the immune response during lung infection in an Mtb virulence-
dependent manner may facilitate the rational design of more effective therapeutic interven-
tions, including immunotherapeutic vaccines.

To gain insight into the host response that culminates in the progression of infection to severe
TB disease, we investigated immune cell kinetics from early (2 days) to late (112 days) time points
post-infection with the Mtb H37Ra, H37Rv and K strains in the lungs of aerogenically infected
mice. In addition, alterations to the immune cells and the consequent changes in pathological
development in response to Mtb virulence were investigated during lung infection.

Materials and Methods

Ethics Statement
All animal experiments were performed in accordance with the Korean Food and Drug
Administration (KFDA) guidelines. The experimental protocols used in this study were
reviewed and approved by the Ethics Committee and Institutional Animal Care and Use Com-
mittee (Permit Number: 2014-0197-1) of the Laboratory Animal Research Center at Yonsei
University College of Medicine (Seoul, Korea).

M. tuberculosis strains and culture conditions
Mtb H37Rv (ATCC 27294) and H37Ra (ATCC 25177) were purchased from American Type
Culture Collection (ATCC, Manassas, VA), and the Mtb K strain was obtained from the strain
collections at the Korean Institute of Tuberculosis (Korean National Tuberculosis Association,
Seoul, Republic of Korea). All strains were cultured in Middlebrook 7H9 broth (Difco Labora-
tories, Detroit, MI) supplemented with 0.02% glycerol and 10% (vol/vol) oleic acid-albumin-
dextrose-catalase (OADC, Becton Dickinson, Sparks, MD) for 28 days at 37°C. Single cell
suspensions of each strain were prepared as previously described with slight modifications.
Briefly, mycobacterial cells grown in OADC-supplemented 7H9 broth were harvested by cen-
trifugation at 10,000 × g for 20 min and washed three times in phosphate-buffered saline (PBS)
(pH 7.2). The pellets were homogenized using an overhead stirrer (Wheaton Instrument, Mill-
ville, NJ) for 1 min on ice to minimize bacterial clumping. The homogenized mycobacterial
cells were passed through an 8 μm filter (Millipore Corp., Bedford, MA). The predominant
presence of single cells in the final preparation was confirmed by acid-fast staining. The seed
lots of each strain were stored in small aliquots at -80°C until use. The CFUs per 1 ml of the
seed lots were measured by a viable counting assay on 7H10 agar plates.

Animals, aerosol infection, and bacterial load determination
Specific pathogen-free 5- to 6-week-old female C57BL/6 mice as well as OT-I and OT-II T-cell
receptor (TCR) transgenic mice (C57BL/6 background) were purchased from the Jackson Lab-
oratory (Bar Harbor, ME, USA). Mice were maintained under barrier conditions in a BL-3
biohazard animal facility at the Yonsei University Medical Research Center with constant tem-
perature (24 ± 1°C) and humidity (50 ± 5%). Animals were fed a sterile commercial mouse diet
with ad libitum access to water under standardized light-controlled conditions (12 h light and
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12 h dark periods). Mice were monitored daily, and none of the mice exhibited any clinical
symptoms or illnesses during this experiment.

For animal infection studies, mice were aerogenically infected with Mtb strains (H37Rv and
H37Ra and Beijing-K) as previously described [22]. Non-infected naïve mice were used as a
control for histopathology and flow cytometry analysis. Briefly, 70 mice per group were
exposed to a predetermined dose of a Mtb strain for 60 min in the inhalation chamber of an
airborne infection apparatus (Glas-Col, Terre Haute, IN) to achieve initial infectious doses of
450–500 CFU of H37Ra or 150–200 CFU of H37Rv or K per mouse lung (n = 4). Nine mice
per group (4 mice for immune cell kinetics analysis and 5 mice for CFU and histopathology
analyses) were euthanized at days 2, 5, 7, and 14 post-infection (early infection period) and
days 28, 56, and 112 post-infection (late infection period). All animal experiments were con-
ducted according to the ethical and experiment regulations of the Yonsei University Health
System Institutional Animal Care and Use Committee.

At the indicated time points, the mice were humanely euthanized via CO2 inhalation, and
the lungs were harvested for CFU enumeration, histology, and flow cytometry analysis. The
numbers of viable bacteria in the lungs were determined by plating 5-fold serial dilutions of
whole organ homogenates onto Middlebrook 7H10 agar (Becton Dickinson, Franklin Lakes,
NJ, USA). Bacterial colonies were counted 8 weeks after incubation at 37°C. The data are
reported as the median log10 CFU ± interquartile range (IQR).

Histopathology and assessment of lung inflammation
Tissue samples were collected for histopathology, preserved in 10% neutral-buffered formalin,
embedded in paraffin, cut into 5 to 6 μm sections, and stained with hematoxylin and eosin
(H&E) or acid-fast stain as previously described [23]. The severity of the inflammation in the
lungs of the mice was evaluated as previously described [23]. In brief, H&E-stained lung sec-
tions were photographed at × 40 magnification using a microscope (Olympus, Tokyo, Japan
BX51), and granulomas were analyzed relative to the lung area with image analysis software
(ImageJ, National Institutes of Health, USA) to obtain the affected percentage of the lung area.
Ten lesions from each group were randomly selected and analyzed.

Lung cell preparation
The lung cells were prepared under sterile conditions as previously described. Briefly, the lungs
were cut into 0.5 cm pieces and agitated in 5 ml of cellular dissociation buffer (Roswell Park
Memorial Institute (RPMI) medium (Biowest, Nuaillé, France) containing 0.1% collagenase
type IV (Worthington Biochemical Corporation, NJ, USA), 1 mM CaCl2, and 1 mMMgCl2)
for 15 min at 37°C. Then, the lung cells and aggregates were filtered through a 40 μm cell
strainer (BD Biosciences) in Dulbecco’s PBS using a sterile 1 ml syringe. The erythrocytes were
lysed using red blood cell lysis buffer (90 ml of 0.16 M NH4 and 10 ml of 0.17 M Tris, pH 7.65)
for 2 min at room temperature, and the lung cells were washed twice with RPMI 1640 medium
supplemented with 2% fetal bovine serum (Biowest, Nuaillé, France).

Antibodies
Single-cell suspensions of lungs from naïve- and Mtb-infected mice were stained with primary
fluorochrome-conjugated antibodies. Negative samples were stained with isotype control anti-
bodies that were conjugated to the same fluorochrome. The following reagents were obtained
from eBioscience (San Diego, CA): anti-CD11c (N418, PE-Cy7), anti-CD11b (M1/70, FITC),
anti-F4/80 (BM8, APC), anti-Gr-1 (RB6-8C5, PE), anti-Siglec-H (eBio440c, e450), anti-
PDCA-1 (eBio927, PerCp-Cy5.5), anti-CD3e (145-2C11, eFluor 450), anti-T-bet (4B10,
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PE-Cy7), anti-RORγt (B2D, PE), anti-GATA-3 (L50-823, Alexa 647), anti-Foxp3 (NRRF-30,
PE), anti-Rat IgG1 isotype control (eBRG1, PE), anti-Rat IgG2a isotype control (eBR2a, APC)
and anti-Mouse IgG1 isotype control (M1-14D12, PE-Cy7). The following reagents were
obtained from BD Bioscience (San Diego, CA): anti-CD16/32 (FcR III/II receptor, 2.4G2),
anti-CD4 (RM4-5, PerCp-Cy5.5), anti-CD8 (53–6.7, APC-Cy7) and anti-CD25 (PC61, APC).

Analysis of lung cell populations by flow cytometry
The phenotypes of pulmonary subpopulations were analyzed in single-cell suspensions. Cells
(2 × 106/ml) were first blocked with anti-CD16/32 for 20 min at 4°C, and then the cell surface
was stained with fluorochrome-conjugated mAbs (lung infiltrating cell analysis: CD11c,
CD11b, F4/80, Gr-1, Siglec-H, and PDCA-1; T cell analysis: CD3, CD4, CD8 and CD25) for
30 min at 4°C. Transcription factor-analyzed cells were either fixed or permeabilized with the
transcription factor staining kit (eBioscience). They were then incubated for 30 min at 4°C and
intracellularly stained with T cell-specific fluorochrome-conjugated mAbs against T-bet,
RORγt, GATA-3 and Foxp3 for 30 min at 4°C. Rat IgG1, Rat IgG2a and Mouse IgG1 were used
as the isotype controls. We obtained the absolute number of each cell type by multiplying the
percentage of each cell type by the total number of cells in the single-cell suspension from the
lungs of Mtb-infected mice. The cells were analyzed using a FACSVerse flow cytometer (BD
bioscience) and FlowJo software (BD Bioscience).

Cytokine measurements in ex vivo lung cells culture after PPD
stimulation
Single-cell suspensions from the lungs of Mtb-infected mice (at days 2, 5, 7, 14, 28, 56 and 112
post-infection) were stimulated with purified protein derivative (PPD; 10 μg/ml), which was
kindly provided by Dr. Brennan at Aeras (Rockville, MD), for 24 h at 37°C. IL-5, IL-17A, IL-10
(eBioscience), IFN-γ and IFN-α (PBL Assay Science, Piscataway, NJ, USA) cytokine levels were
analyzed in the culture supernatant by ELISA according to the manufacturer’s protocol.

Generation and culture of bone marrow-derived DCs
Bone marrow-derived DCs (BMDCs) were prepared and cultured as described recently [24].
On day 8, over 80% of the nonadherent cells expressed CD11c. To obtain highly purified popu-
lations for subsequent analyses, the DCs were labeled with a bead-conjugated anti-CD11c mAb
(Miltenyi Biotec, San Diego, CA), followed by positive selection on paramagnetic columns (LS
columns; Miltenyi Biotec) according to the manufacturer’s instructions. The purity of the
selected cell fraction was> 90%.

Isolation of innate cells from Mtb-infected lungs
Single-cell suspensions of lung cells were enriched for plasmacytoid DCs (pDCs) using the
Plasmacytoid DC Isolation Kit II according to the manufacturer’s instructions with slight mod-
ifications. Briefly, lung cells were blocked with anti-CD16/32 at 4°C for 20 min, labeled with
bead-conjugated anti-CD11b and CD3 mAbs, and separated by sequential passage through LS
MACS columns. The negative fractions were stained with a pDC Biotin Cocktail, incubated
with anti-Biotin MicroBeads, and separated by sequential passage through LS MACS columns.
To isolate CD11c-/CD11b+/Gr-1int cells, single-cell suspensions of lung cells were stained with
a mixture of bead-conjugated anti-CD4, CD8, Gr-1, CD11c, and B220 mAbs and separated by
sequential passaging through LS MACS columns. The negative fractions were stained with
CD11b MicroBeads and separated by sequential passaging through LS MACS columns. To
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isolate CD11bhigh DCs, single-cell suspensions were stained with bead-conjugated anti-CD11b
mAb and separated by sequential passages through LS MACS columns. Next, the CD11b+ frac-
tion was labeled with a bead-conjugated anti-CD11c mAb and separated by sequential passag-
ing through LS MACS columns. The purity of the selected pDC, Gr-1int cell and CD11bhigh DC
fractions was>70%. Columns and antibodies for isolation of innate cells purchased fromMil-
tenyi Biotec (San Diego, CA).

Functional analysis of isolated innate cells with T cells
To analyze the function of DCs sorted fromMtb-infected mice, isolated CD11bhigh DCs were
treated for 1 h with OVA peptides (CD4+ specific OVA323-339 or CD8

+ specific OVA257-264) syn-
thesized by AbFrontier (Seoul, Korea). CD4+ and CD8+ T cells were isolated from splenocytes
prepared from OT-II and OT-I mice using CD4 and CD8 T cell isolation kits (Miltenyi Biotec),
respectively. These T cells were stained with 1 μMCFSE (Invitrogen). Next, OVA-treated
CD11bhigh DCs (1 × 105 cells per well) were co-cultured with CFSE-stained CD8+ and CD4+ T
cells (1 × 106) at an isolated cell:T cell ratio of 1:10. To analyze the function of pDCs and CD11c-/
CD11b+/Gr-1int cells sorted fromMtb-infected mice, isolated cells (pDCs and CD11c-/CD11b+/
Gr-1int cells) with or without BMDCs were co-cultured with CD4+ or CD8+ T cells fromOT-I
and OT-II mice. For the group with BMDCs, the BMDCs were treated with OVA peptides. For
the group without BMDCs, the OVA peptides were directly administered to the isolated cells
(pDCs and CD11c-/CD11b+/Gr-1int cells). After 1 h incubation, the OVA-treated cells were
washed with PBS and then co-cultured with CD4+ and CD8+ T cells from OT-I or OT-II mice.
The ratio of T cells to isolated cells was 10:1, and for the group with BMDCs, the ratio between T
cells, isolated cells, and BMDCs was 1:1:10. After 3 days of co-culture, the T cells were stained
with anti-CD4 and anti-CD8 antibodies and analyzed using a FACSVerse flow cytometer and
FlowJo software. Supernatants were harvested, and cytokine production was analyzed (IL-17A,
IL-5, IL-2 and IFN-γ; eBioscience) by ELISA according to the manufacturer’s protocol.

Statistical analysis
The data are reported as the median ± interquartile range (IQR) or the mean ± standard devia-
tion (SD). The levels of significance for comparisons between samples were determined by the
Kruskal-Wallis test followed by Dunn’s test using statistical software (GraphPad Prism Soft-
ware V5.0; GraphPad Software, San Diego, CA, USA). Values of �p< 0.05, ��p< 0.01 and
���p< 0.001 were considered significant.

Results

Course of infection in the lungs of mice infected with different virulent
strains ofM. tuberculosis
In this study, we examined the bacterial burdens in the lung during early (by 14 days post-
infection) and late infection (14–112 days post-infection) according to Mtb virulence (Fig 1).
After the aerosol challenge, the bacterial CFU of Mtb K increased approximately 2.5- and
5.5-fold faster at 7 days post-infection than the CFU of Mtb H37Rv (p< 0.05) or H37Ra
(p< 0.01), respectively. At 14 days post-infection, Mtb K grew approximately 2.3- and 5.9-fold
faster than Mtb H37Rv (p< 0.05) and H37Ra (p< 0.01), respectively (Fig 1A). At 28 and 56
days post-infection, a significantly higher Mtb K burden was present (p< 0.05 vs. H37Rv and
p< 0.01 vs. H37Ra). The bacterial CFU of each strain in the lungs peaked at 28 days post-infec-
tion, and the peaked CFU was maintained through 112 days post-infection. The CFU values of
Mtb K and H37Rv approached similar levels at 112 days post-infection (Fig 1B). Interestingly,

Kinetics of Immune Cells during Mtb Infection

PLOS ONE | DOI:10.1371/journal.pone.0145234 December 16, 2015 6 / 20



the bacterial CFU level in the lungs of mice infected with Mtb H37Ra started to decline after
28 days, and lower bacteria CFU was observed at 112 days post-infection than at 14 days post-
infection.

Lung pathology after aerosol infection with different virulentM.
tuberculosis strains
The gross pathology and histopathology of lungs were compared after aerosol infection with
different virulent Mtb strains (Fig 2, S1 Fig and S2 Fig), and representative lung section histo-
pathology shows the median percentage of inflammation at 112 days post-infection (Fig 2B).
Granulomatous inflammations in the lungs began to appear at 28 days post-infection in all of
the tested strains, but there were no significant differences in the level of lung inflammation

Fig 1. Comparative growth profiles of tested Mtb strains in the lungs during a 112 day-infection. (A)
Early change in Mtb growth during the first 14 days of infection in C57BL/6 mice. (B) The overall growth pattern
of tested Mtb strains in C57BL/6 mice. Mice (n = 5 per group at each designated time point) were aerosol
challenged with approximately 450 CFU of Mtb H37Ra or with approximately 200 CFU of the H37Rv or the
Beijing-K strain. The bacterial burden of their lungs was determined at various time points post-infection. Data
are presented as themedian log10 CFU of five mice (± IQR) for each time point. A p-value� 0.05 was
considered significant: **p < 0.01 (Mtb K vs. Mtb H37Ra) and #p < 0.05 (Mtb K vs. Mtb H37Rv).

doi:10.1371/journal.pone.0145234.g001
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among the 3 groups at 28 days post-infection (Fig 2A, upper panel, and S1 Fig). However, the
levels of granulomatous inflammation in Mtb K- and H37Rv-infected mice were significantly
higher than those in Mtb H37Ra-infected mice at 56 days post-infection (p< 0.01; Fig 2A,
middle panel, and S1 Fig). Lung inflammation was significantly greater in Mtb K-infected mice
than in either Mtb H37Ra- (p< 0.001) or Mtb H37Rv-infected mice (p< 0.01) at 112 days
post-infection (Fig 2A, lower panel). Interestingly, severe immunopathology and extensive
granulomatous inflammation were only clearly observed in the lungs of mice that were infected
with Mtb K at 112 days post-infection (Fig 2B and S2 Fig).

Comparative analysis of the kinetics of innate immune cell populations
during lung infection withM. tuberculosis
During Mtb infection, it is important to understand the immune cell populations that are
involved in the pathogenesis and regulation of the pathological immune response. However,

Fig 2. Histopathological analysis of lungs infected with different strains of virulent Mtb. (A) Inflammatory scores of H&E-stained sections of lungs
during Mtb infection. At 28, 56, and 112 days post-infection, mice were sacrificed, and lung sections were stained with H&E (n = 5 per group per designated
time point). Ten pictures from each group were randomly selected and analyzed (2 pictures per mouse × 5 mice in each group). Lung inflammation scores are
presented as the median percentage (± IQR) of inflammation for each mouse. Lung sections were stained with H&E (bar, 500 μm). A p-value� 0.05 was
considered significant: *p < 0.05, **p < 0.01 and ***p < 0.001. (B) Representative histopathology and gross pathology of mouse lungs infected with Mtb
strains with different virulence levels at 112 days post-infection.

doi:10.1371/journal.pone.0145234.g002
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there have been fewer studies on innate immune cells than on T cells. Thus, we investigated the
influx of innate immune cells into the lung following infection with different strains of virulent
Mtb. The kinetics of the infiltrating innate immune cells (neutrophils, monocytes, macrophages,
CD11c-CD11b+Gr-1int cells, CD11bhigh DCs and pDCs) were investigated upon infection with
Mtb (Fig 3A). F4/80-CD11bhighCD11c+ DCs (CD11bhigh DCs) were observed during the early
infection period (before 14 days post-infection) of Mtb strains (p< 0.001 at 5, 7 and 14 days post-

Fig 3. Analysis of innate immune cell kinetics of mice infected with Mtb with different virulence levels. Single-cell suspensions prepared from lung
tissues of mice infected with Mtb strains at days 2, 5, 7, 14, 56 and 112 days post-infection were stained with the indicated antibodies and analyzed by flow
cytometry (n = 4 per group per designated time point). (A) Gating strategy for the analysis of innate immune cells present in the in lungs. All surface-stained
samples were primarily gated on forward scatter (FSC)mid/high and side scatter (SSC)mid/high and secondarily gated on F4/80-/+ and CD11clow. The cells were
analyzed according to the expression of Gr-1 versus CD11b. F4/80-/CD11c-/CD11bhigh/Gr-1high cells were designated as neutrophils (a). The lower
population was designated as CD11c-/CD11b+/Gr-1int cells (b). Next, dot-blots of lung cells were primarily gated on FSCmid/high and SSCmid/high and
secondarily gated on F4/80- and F4/80+. The cells were analyzed according to the expression of CD11b versus CD11c. F4/80+/CD11c+/CD11b- cells (c), F4/
80+/CD11c-/CD11b+ cells (d), F4/80-/CD11cint/CD11bint cells (e), F4/80-/CD11c+/CD11b+ cells (f) and F4/80-/CD11c+/CD11b-/Siglec-H+/PDCA-1+ cells (g)
were designated as alveolar macrophages, CD11b+ macrophages, monocytes, CD11bhigh DCs and pDCs, respectively. (B) The line graphs display the
absolute numbers of cells in (A) at various time points during Mtb lung infection. *p < 0.05, ***p < 0.001, Mtb K-infected vs. Mtb H37Rv-infected groups. (C)
Bar graphs shows the percentage of infiltrated cells in the lungs. *p < 0.05, **p < 0.01, ***p < 0.001, non-infected vs. Mtb-infected groups. The data are
presented as the mean (± SD) or four mice per group at each time point from one representative experiment out of two independent experiments. NI: Non-
infected; Ra: H37Ra-infected lung; Rv: H37Rv-infected lung; K: Beijing-K-infected lung.

doi:10.1371/journal.pone.0145234.g003
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infection) (Fig 3B and 3C). In addition, higher numbers of F4/80-CD11b-CD11c+Siglec-H+PDCA-
1+ DCs (pDCs) (p< 0.001 at 28, 56 and 112 days post-infection) and CD11c-CD11b+Gr-1int cells
(p< 0.05 at 56 and 112 days post-infection) were observed in a time-dependent manner only in
the lungs of mice that were infected with Mtb K (Fig 3B). Importantly, higher frequencies of pDCs
and CD11c-CD11b+Gr-1int cells were observed in all Mtb strain-infected mice after 28 days post-
infection (Fig 3C).

Alteration of T cell subtypes and polarization in the lung duringM.
tuberculosis infection
Mtb-induced T cells play a key role in granuloma formation by regulating host-favored or
pathogen-favored conditions. In addition, the initiation and maintenance of T cell subtypes
will be crucial for future vaccine development. Thus, we analyzed the number, subtype and
polarizing cytokines of T cells according to the virulence of the different Mtb strains (Fig 4 and

Fig 4. Analysis of T cell kinetics, subtypes, and polarization in Mtb-infected mice. Single-cell suspensions prepared from lung tissues of mice infected
with Mtb strains at 2, 5, 7, 14, 28, 56 and 112 days post-infection. A representative gating strategy (at 112 days post-infection) for the assessment of CD4 T
cells, CD8 T cells, Th1, Th2, Th17, and Treg cells is shown in the left panel of (A), (B), and (C). CD4+ and CD8+ T cells were stained with the indicated surface
and transcription factor antibodies and analyzed by flow cytometry. (D) Bar graphs display the absolute numbers of CD3+/CD4+ and CD3+/CD8+ T cells in the
lungs at 2, 5, 7, 14, 28, 56 and 112 days post-infection. (E) Using CD3+CD4+ T cells as the parent gate, specific staining for the transcription factors T-bet,
GATA-3, RORγt and Foxp3 in lung cells fromMtb-infected mice is shown at various time points. Line graphs show the expression of T-bet (Th1 cells), GATA-
3 (Th2 cells), RORγt (Th17 cells) and Foxp3 (Tregs) in CD3+/CD4+ T cell populations at the indicated time points. *p < 0.05, **p < 0.01, and ***p < 0.001,
Mtb K-infected group vs. Mtb H37Rv-infected group. One representative plot out of two independent experiments is shown.

doi:10.1371/journal.pone.0145234.g004
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Fig 5). Interestingly, CD4+ and CD8+ T cell numbers increased in a time-dependent manner
for all of the Mtb strains. There were no significant differences between Mtb strains regarding
CD4+ and CD8+ T cell numbers at any time point (Fig 4D). Next, we analyzed the time-depen-
dent initiation, maintenance, and polarization of T cell subtypes according to the Mtb strain
(Fig 4B, 4C and 4E). T-bet-expressing CD4+ T cells, representing Th1-type T cell immunity,
increased in the lungs of mice that were infected with Mtb strains at 14 days post-infection in a
time-dependent manner. However, this T cell subtype rapidly decreased in the lungs of mice
infected with Mtb K after 14 days (p< 0.01 at 28, 56 and 112 days post-infection) (Fig 4E,
upper-left panel). Interestingly, GATA-3-expressing CD4+ T cells, which are considered
Th2-type T cells, accumulated more quickly and to higher levels than T-bet-expressing CD4+

T cells, regardless of the Mtb strain, and the levels peaked at 28 days post-infection. Further-
more, GATA-3-expressing CD4+ T cells started to decrease after 28 days post-infection, but
their levels were maintained in the lungs of mice infected with both virulent Mtb K and H37Rv
(Fig 4E, upper-right panel). RORγt-expressing CD4+ T cells, which are thought to be
Th17-type T cells, were only present in the lungs of mice infected with the reference strains,
Mtb H37Ra and H37Rv, at 28, 56 and 112 days post-infection; this type of T cell was not
induced in mice infected with Mtb K (Fig 4E, lower-left panel). CD25+Foxp3+CD4+ Tregs
increased from 7 days post-infection until 28 days post-infection in the lungs for all Mtb
strains. Interestingly, Tregs gradually decreased in the lungs of mice infected with the reference
strains but continually increased in a time-dependent manner in the lungs of mice infected
with Mtb K (p< 0.001 at 56 and 112 days post-infection) (Fig 4E, lower-right panel).

Cytokine production in ex vivo lung cell cultures after PPD stimulation
Along with alterations in innate cells and T cells, we also investigated cytokine production by
lung cells after PPD stimulation (Fig 5). After 14 days post-infection, Th2 cytokines (IL-10 and
IL-5) increased with PPD stimulation in lung cells fromMtb K-infected mice compared to
those fromMtb H37Rv-infected mice, and Th1 cytokine production decreased at 112 days
post-infection in Mtb K-infected mice compared to Mtb H37Rv-infected mice. In addition, IL-
17 was not induced in Mtb K-infected mice compared to non-infected mice (Fig 5A). Before 14
days post-infection, there were no significant differences in these cytokines between mice
infected with Mtb H37Ra and those infected with the two virulent strains (data not shown).
Interestingly, Type I IFN (IFN-α) production was significantly induced in PPD-stimulated
lung cells fromMtb H37Rv- and K-infected mice compared to Mtb Ra-infected mice, but it did
not differ between Mtb H37Rv- and K-infected mice (Fig 5B).

Functional properties of innate cells in the lungs ofM. tuberculosis–
infected mice upon interaction with T cells
Innate cells induced by Mtb infection can play an important role in the regulation of T cell
immunity [25]. Thus, we investigated adaptive immunity induced by lung-infiltrating cells
(CD11bhigh DCs, pDCs and CD11c-CD11b+Gr-1int cells) at 7 days and 28 days post-infection
with Mtb strains (Fig 6 and Fig 7). We conducted a functional study with CD11bhigh DCs,
pDCs and CD11c-CD11b+Gr-1int cells sorted from the lungs of Mtb strain-infected mice; we
analyzed T cell proliferation, T cell polarizing cytokines (Th1: IFN-γ; Th2: IL-10 and IL-5; and
Th17: IL-17A) and the induction of regulatory T cells (Tregs) using both OVA-specific CD8+

T cells from OT-I transgenic mice and CD4+ T cells from OT-II transgenic mice (Fig 6 and Fig
7). We verified that CD11bhigh DCs sorted from Mtb-infected mice at 7 days post-infection
induced significantly greater proliferation of both CD4+ and CD8+ T cells compared to
CD11bhigh DCs sorted from non-infected mice (Fig 6B). Regarding the induction of CD4+ and
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CD8+ T cell cytokines by sorted CD11bhigh DCs, IL-2 secretion was increased by CD11bhigh

DCs sorted from K-infected mice compared to those sorted from non-infected mice, but IFN-γ
and IL-17A secretion was decreased (Fig 6C). Additionally, IL-5 and Foxp3 levels in CD4+ T
cells were not different (Fig 6C and 6D).

Next, pDCs sorted fromMtb-infected mice at 28 days post-infection directly induced the
proliferation of CD4+ and CD8+ T cells (white bars in Fig 7B) and the production of IFN-γ and
IL-2 in CD8+ T cells (white bars in Fig 7E), but there were no significant changes in IFN-γ, IL-
2, IL-5 and IL-17A secretion from CD4+ T cells (white bars in Fig 7D). Although pDCs sorted
fromMtb H37Ra-infected mice induced Th1 (IFN-γ) and Th17 (IL-17A) cytokines in T cells
in the presence of BMDCs, pDCs sorted fromMtb H37Rv- and K-infected mice induced signif-
icantly greater levels of Th1 (IFN-γ) and Th2 (IL-5) cytokines compared to the BMDC + CD4+

T cell groups (yellow bars in Fig 7D). These results suggest that pDCs in mice infected with vir-
ulent Mtb strains may affect the maintenance of the Th2 response.

A recent study showed that CD11c-CD11b+Gr-1int cells play a critical role in suppressing
the T cell response [26]. Thus, we confirmed that CD11c-CD11b+Gr-1int cells induced by Mtb
infection can suppress the T cell response (Fig 7C, 7F and 7G). As a result, CD11c-CD11b+Gr-
1int cells sorted fromMtb-infected mice blocked the proliferation of and cytokine production
by CD4+ and CD8+ T cells in the presence of BMDCs (yellow bars in Fig 7C, 7F and 7G), but

Fig 5. PPD-specific cytokine response in lung cells fromMtb-infected mice. The amount of IFN-γ, IL-5,
IL-10, IL-17A (A) and IFN-α (B) produced by lung cells (14, 28, 56 and 112 days post-infection) in response to
PPD (10 μg/ml) stimulation for 24 h was measured by ELISA. All data are expressed as the mean ± SD (n = 4
per group per designated time point) of one representative experiment out of two independent experiments.

doi:10.1371/journal.pone.0145234.g005
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there was no difference in the response of T cells to CD11c-CD11b+Gr-1int cells in the absence
of BMDCs (white bars in Fig 7C, 7F and 7G). Surprisingly, CD11c-CD11b+Gr-1int cells sorted
fromMtb H37Rv- and K-infected mice inhibited IL-17A production by T cells in the presence
of BMDCs compared to the BMDC + CD4+ T cell groups (yellow bars in Fig 7F). However, the
generation of Tregs by pDCs or CD11c-CD11b+Gr-1int cells was not induced under any experi-
mental condition (data not shown). These findings suggest that the high frequency of
CD11c-CD11b+Gr-1int cells induced by virulent Mtb infection may contribute to the down-
regulation of both Th1 and Th17 responses.

Discussion
Although there have been numerous studies on the functions of and alterations in immune
cells during Mtb infection, only a few studies have used clinical Mtb isolates with highly

Fig 6. Analysis of T cell proliferation and polarization by CD11bhigh DCs sorted from the lungs of Mtb-infected mice. (A) Specific populations of
CD11bhigh DCs were sorted from the lungs of mice infected with Mtb strains at 7 days post-infection. (B, C, D) CD11bhigh DCs sorted fromMtb-infected mice
were treated with OVA peptides (1 μg/ml), such as OVA323-339 or OVA257-264, for 1 h. The OVA-treated CD11bhigh DCs were co-cultured with OVA-specific
CD4+ and CD8+ T cells for 3 days at a sorted DC-to-T cell ratio of 1:10. (B) After 3 days of co-culture, the proliferation of OVA-specific CD4+ and CD8+ T cells
was assessed by flow cytometry. (C) IFN-γ, IL-2, IL-5, and IL-17A were analyzed by ELISA. (D) CD25+Foxp3+ Treg cells were analyzed after co-culture with
CD4+ T cells. The T cell data are shown as the mean ± SD (n = 5 samples). One representative plot out of two independent experiments is shown. *p < 0.05,
**p < 0.01, and ***p < 0.001 compared with T cell/OVA-pulsed DCs sorted from non-infected mice. NI-DC: DC from non-infected mice; Ra-DC: DC from
H37Ra-infected mice; Rv-DC: DC from H37Rv-infected mice; K-DC: DC from K-infected mice.

doi:10.1371/journal.pone.0145234.g006
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virulent characteristics. In this study, we established an aerosol infection model in mice with
different strains of virulent Mtb to investigate their differential pathogenesis in terms of bacte-
rial growth and lung pathology. The Mtb K strain was the most virulent and was characterized
by rapid growth at the early time points post-infection (by 28 days) and severe lung inflamma-
tion at the late time points (56–112 days). In contrast, Mtb H37Ra was the least virulent strain
and did not reach optimal growth; its bacterial burden decreased after 28 days post-infection
(Fig 1 and Fig 2). Next, we compared the alterations in innate cell components and helper T
cell kinetics during lung infections with respect to the virulence of the Mtb strain in the mouse
model. Importantly, in mice infected with Mtb K, there were virulence-dependent increases in
Gr1intCD11b+ cells, pDCs and the Treg frequency as well as a decrease in the Th1 immune
response over 28 days post-infection without the induction of a Th17 response. Interestingly,

Fig 7. Analysis of T cell proliferation and cytokine generation induced by pDCs and Gr-1int cells sorted from the lungs of Mtb-infected mice. Details
regarding this experiment are provided in the materials and methods section. (A) Specific populations of pDCs and Gr-1int cells were sorted from the lung
cells of mice infected with Mtb strains at 28 days post-infection. T cell proliferation (B, C) and cytokine production (D-G) in response to pDCs and CD11c-/
CD11b+/Gr-1int cells with (yellow bars) and without (white bars) BMDCs were analyzed by flow cytometry after 3 days of co-culture with CFSE-labeled T cells.
One representative plot out of two independent experiments is shown. *p < 0.05, **p < 0.01, and ***p < 0.001 compared with the T cell only or the BMDC
+ T cell group. Ra-pDC: pDC from H37Ra-infected mice; Rv-pDC: pDC from H37Rv-infected mice; K-pDC: pDC from K-infected mice; Ra-Gr-1int: Gr-1int cells
from H37Ra-infected mice; Rv-Gr-1int: Gr-1int cells from H37Rv-infected mice; K-Gr-1int: Gr-1int cells from K-infected mice.

doi:10.1371/journal.pone.0145234.g007
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innate cell kinetics in the lungs of mice infected with Mtb H37Ra did not significantly differ
from those of mice infected with Mtb H37Rv, except for pDC kinetics. Moreover, Mtb H37Ra
induced high levels of both Th1-type and Th17-type T cells at later time points (112 days post-
infection), while the Treg and Th2 responses decreased after 28 days post-infection. Mtb
H37Rv exhibited intermediate virulence between Mtb K and Mtb H37Ra. A gradual increase in
pDC and mixed Th1, Th2 and Th17 responses were features of the Mtb H37Rv-induced host
response at late time points post-infection.

Virulence in TB pathogenesis in animal models is generally defined by the bacterial burden,
bacterial survival via evading the host immune responses, and the capacity to cause severe lung
damage [27].

The immunopathological environment in lung lesions can be manipulated by virulent Mtb
strains by regulating the accumulated immune cells and the cytokine balance according to the
infection stage [4, 28]. Clearly, progressive pulmonary TB is not a result of increasing numbers
of viable bacilli in mice but rather a result of an excessive host response to virulent Mtb infec-
tion (Fig 1 and Fig 2). However, the types and functions of the accumulated innate cells are
associated with the rapid initiation and maintenance of adaptive immunity. Thus, these cells
are thought to be critical for successful immune protection before Mtb triggers pathogen-
favored conditions [29, 30]. Furthermore, Mtb produces virulence factors, such as ESX-1 secre-
tion-associated proteins, that regulate granuloma formation, dissemination, bacterial growth
and the host immune response [31–33]. ESAT-6 and CFP-10 are secreted fromMtb by the
ESX-1 (type VII) secretion system, which may contribute to the evasion of host immunity [34,
35]. Fredric et al. demonstrated that the ESX-1 secretion system is required for granuloma per-
sistence and survival in immune cells [33]. Importantly, this system is present in virulent
strains (Mtb H37Rv and Beijing strains) that are lacking the major part of the ESX-1 secretion
system in attenuated other mycobacteria (H37Ra or BCG) [36, 37]. Our previous study showed
that the ESAT-6 and CFP-10 antigens were more abundantly produced by Mtb K than by Mtb
H37Rv [38]. Thus, the Mtb K strain may form pathogen-favored granulomas by altering host
immune cell function and infiltration.

Consequently, although the innate cell populations that infiltrated in response to infection
with three different Mtb strains were not significantly different at the early time points (<14
days post-infection) (Fig 3), CD11bhigh DCs were strongly induced by infection with all the
strains. Thus, we suspected that the function of DCs that infiltrated at the early time point may
differ among Mtb strains. DCs recognize microbes and their products in mycobacterial-
infected lung tissue and produce anti- or pro-inflammatory cytokines that regulate the devel-
opment of T cell immunity [25]. As expected, CD11chigh DCs that infiltrated after Mtb K infec-
tion altered T cell responses towards decreasing Th1 and Th17 responses compared to naïve
CD11chigh DCs at 7 days post-infection, but these effects were not observed after Mtb H37Ra
or H37Rv infection (Fig 6). Given the reduced Th1 and Th17 responses in response to Mtb K-
induced CD11chigh DCs, the types and responses of T cells at the late post-infection time point
may generate pathogen-favored immune responses.

Although the relative contributions of each type and response of CD4+ helper T cell during
different stages of infection remain poorly understood, these cells are involved in maintaining
protective or pathogenic conditions in response to Mtb infection [5, 28, 39, 40]. Although the
function of GATA-3-expressing Th2 cells in TB pathogenesis has been less emphasized
recently, in this study, this type of T cell emerged more rapidly than Th1 cells, peaking at 14 vs.
28 days, respectively. Interestingly, GATA-3-expressing Th2 cells were maintained in the lungs
of both Mtb K- and H37Rv-infected mice but were continually down-regulated in Mtb H37Ra-
infected mice. Additionally, PPD-specific Th2 cytokines (IL-5 and IL-10) were consistently
induced after Mtb K infection compared to Mtb H37Ra and H37Rv infection (Fig 5A). In
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addition, both virulent strains, Mtb K and H37Rv, induced T-bet-expressing Th1 cells at 14
days post-infection. However, this population was rapidly diminished in the lungs of Mtb
K-infected mice beginning at 28 days post-infection. Ordway et al. also reported that the hyper-
virulent HN878 strain induced a potent Th1 response; however, Th1 immunity was rapidly
down-regulated along with the emergence of a CD4+CD25+Foxp3+CD223+IL-10+ Treg
population [41]. These results agree with those of our study. Although Mtb K induced T-bet-
expressing Th1 cells, the PPD-specific Th1 cytokine (IFN-γ) was down-regulated, and high
levels of Treg cells emerged after 56 days post-infection. Interestingly, Mtb H37Ra infection
consistently induced T-bet-expressing Th1 cells and the PPD-specific Th1 cytokine, but this
Th1 cell population increased in a time-dependent manner together with the down-regulation
of CD4+CD25+Foxp3+ Tregs. It is well documented that Tregs decrease the ability of alveolar-
and monocyte-derived macrophages to restrict the growth of Mtb in the presence of effector
cells [42]. Although the mechanism of how virulent Beijing Mtb strains expand Tregs has not
been studied to date, one possible explanation is that Beijing Mtb highly expresses Treg-specific
antigens [43].

The reciprocal induction of Th1 and Th17 cellular responses has been shown to help estab-
lish protective immunity against TB [44]. Importantly, IL-17, TNF-α, and/or multi-functional
T cells (IFN-γ+IL-2+TNF+ T cells) were observed at higher frequencies in sterile granulomas
than in non-sterile granulomas [28]. In agreement with this previous report, H37Ra infection
induced a greater reciprocal expansion of the Th1 and Th17 cell responses than Mtb H37Rv
and K infection in our study.

Recently, the ability of type I IFNs to accelerate TB pathogenesis was revealed, which
resulted in rapid mouse death with excessive lung pathology [45, 46]. Interestingly, a higher
level of IFN-α was produced in lung cells from virulent Mtb strain-infected mice after PPD
stimulation than in those fromMtb H37Ra-infected mice (Fig 5B). The pDCs, which are type I
interferon (IFN)-producing cells [47], are the most interesting cell population correlated with
the virulence of Mtb in this study. One intriguing clinical study examined the differences in the
ratios of DC subsets in untreated and smear-positive pulmonary TB patients compared with
healthy family contacts. The study indicated that a higher percentage of circulating pDCs than
myeloid DCs (mDCs) is associated with active TB [48]. In addition, the ratio between mDCs
and pDCs was restored after chemotherapy; non-responders to chemotherapy have more cir-
culating pDCs than mDCs [48]. In this study, we showed that the frequency of pDCs increased
in a virulence-dependent manner. Interestingly, the isolated pDCs from the lungs of mice
infected with virulent Mtb strains significantly induced the simultaneous production of IFN-γ
and IL-5 in the DC-CD4+ T cell co-culture system, whereas the pDCs fromMtb H37Ra-
infected mice induced IFN-γ and IL-17A under the same culture conditions (Fig 7B, 7D and
7E). These results showed that pDCs generated by virulent Mtb strains may contribute to the
simultaneous induction of Th1 and Th2 immune responses during their interactions with T
cells. These characteristics were in agreement with the type of infiltrated helper T cells shown
in Fig 4.

Another important population that increased in response to Mtb virulence is Gr1intCD11b+

cells. This population was recently recognized as being myeloid-derived suppressor cells
(MDSCs) that are associated with TB pathogenesis [26, 49]. Recent studies have emphasized
the role of Gr1intCD11b+ myeloid-derived suppressor cells, which have a similar cell surface
marker to neutrophils, in Mtb pathogenesis [26, 49]. Tsiganov et al. reported that immature
MDSCs, but not neutrophils, are markers of lethal TB infection in mice [49]. In this study, the
neutrophil population in the lung did not differ among the tested Mtb stains, indicating that
this population is not a reflection of the virulence of Mtb strains. Instead, Gr1intCD11b+ cells
appear to accumulate in the lungs of Mtb-infected mice in a time-dependent and virulence-
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dependent manner, indicating that our results are in good agreement with those of the previous
study. We also hypothesized that Gr1intCD11b+ cells generated by Mtb infection would have
MDSC-like features, such as suppressing helper T cell immune responses. Consequently, the
Gr1intCD11b+ cells that was isolated from the lungs of Mtb-infected mice at 28 days post-infec-
tion significantly decreased CD4+ and CD8+ T cell proliferation under DC-T cell co-culture
conditions (Fig 7C). In addition, IFN-γ, IL-2 and IL-17A levels were significantly decreased in
the presence of Gr1intCD11b+ cells generated by virulent Mtb infection (Fig 7F). Interestingly,
these phenomenon were induced by Gr1intCD11b+ cells regardless of Mtb virulence. Thus,
Gr1intCD11b+ cells may be a major cell type that suppresses helper T cell responses, and the
increased frequency of Gr1intCD11b+ cells in the presence of virulent Mtb K may more
strongly suppress protective T cell responses. Nevertheless, a better understanding of the pres-
ence and function of Gr1intCD11b+ cells during lung infection by Mtb, the immunologic conse-
quences of direct interactions between Gr1intCD11b+ cells and Mtb and how Gr1intCD11b+

cells are generated all require further investigation.
In conclusion, our study characterized the kinetics and immune responses of the accumu-

lated immune cells during Mtb infection according to strain virulence. Virulent Mtb strains
may generate more pathogen-favored immune cells, such as pDCs, Gr1intCD11b+ cells and
Tregs, to diminish the protective Th1 responses, thereby contributing to the inability of hosts
to eradicate infection or mediating immunopathology in chronic infectious stages. In addition,
the highly virulent Mtb K strain may trigger the combinatorial accumulation of pDCs to main-
tain an up-regulated Th2 response and of Gr1intCD11b+ cells to down-regulate the Th1
response, resulting in an immunopathological environment in lung lesions. Further investiga-
tions on which components of virulent Mtb manipulate the presenting cell phenotypes or the
immunological environment may help us to understand how virulent Mtb evolved immuno-
logically as the best-adapted human pathogen. It will also help us understand how TB manipu-
lates the host immune system toward pathogen-favored conditions according to the infection
stage.

Supporting Information
S1 ARRIVE Checklist. NC3Rs ARRIVE Guidelines Checklist.
(PDF)

S1 Fig. Representative histopathology of lungs infected with Mtb strains with different vir-
ulence at 28 and 56 days post-infection. Representative histopathology of lungs infected with
Mtb strains with different virulence at 28 and 56 days post-infection. (A) Naïve, (B) Mtb
H37Ra, (C) Mtb H37Rv, and (D) Mtb K.
(TIF)

S2 Fig. Histopathology of lungs infected with the Mtb H37Rv or K strain at 112 days post-
infection.
(TIF)

Author Contributions
Conceived and designed the experiments: WSK JSK SNC SJS. Performed the experiments:
WSK JSK SBC HMK. Analyzed the data: WSK JSK SBC HMK SJH SJK KWK. Contributed
reagents/materials/analysis tools: SYE SNC SJS. Wrote the paper: WSK JSK SBC SJS.

Kinetics of Immune Cells during Mtb Infection

PLOS ONE | DOI:10.1371/journal.pone.0145234 December 16, 2015 17 / 20

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0145234.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0145234.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0145234.s003


References
1. World Health Organization (2014) Global tuberculosis report 2014. World Health Organization, WHO/

HTM/TB. 2014.08.

2. Leung AN. Pulmonary tuberculosis: the essentials. Radiology. 1999; 210(2):307–22. doi: 10.1148/
radiology.210.2.r99ja34307 PMID: 10207408.

3. Reiling N, Homolka S, Walter K, Brandenburg J, Niwinski L, Ernst M, et al. Clade-specific virulence pat-
terns ofMycobacterium tuberculosis complex strains in human primary macrophages and aerogeni-
cally infected mice. MBio. 2013; 4(4). doi: 10.1128/mBio.00250-13 PMID: 23900170; PubMed Central
PMCID: PMC3735190.

4. Hunter RL, Actor JK, Hwang SA, Karev V, Jagannath C. Pathogenesis of post primary tuberculosis:
immunity and hypersensitivity in the development of cavities. Ann Clin Lab Sci. 2014; 44(4):365–87.
PMID: 25361920.

5. Guidry TV, Hunter RL Jr, Actor JK. Mycobacterial glycolipid trehalose 6,6'-dimycolate-induced hyper-
sensitive granulomas: contribution of CD4+ lymphocytes. Microbiology. 2007; 153(Pt 10):3360–9. doi:
10.1099/mic.0.2007/010850-0 PMID: 17906135; PubMed Central PMCID: PMCPMC2583334.

6. Chakraborty P, Kulkarni S, Rajan R, Sainis K. Drug resistant clinical isolates ofMycobacterium tuber-
culosis from different genotypes exhibit differential host responses in THP-1 cells. PLoS One. 2013; 8
(5):e62966. doi: 10.1371/journal.pone.0062966 PMID: 23667550; PubMed Central PMCID:
PMC3646887.

7. Beisiegel M, Mollenkopf HJ, Hahnke K, Koch M, Dietrich I, Reece ST, et al. Combination of host sus-
ceptibility andMycobacterium tuberculosis virulence define gene expression profile in the host. Eur J
Immunol. 2009; 39(12):3369–84. doi: 10.1002/eji.200939615 PMID: 19795415.

8. Kamath AB, Alt J, Debbabi H, Behar SM. Toll-like receptor 4-defective C3H/HeJ mice are not more sus-
ceptible than other C3H substrains to infection withMycobacterium tuberculosis. Infect Immun. 2003;
71(7):4112–8. PMID: 12819102; PubMed Central PMCID: PMCPMC162027.

9. Ehlers S. Role of tumour necrosis factor (TNF) in host defence against tuberculosis: implications for
immunotherapies targeting TNF. Ann Rheum Dis. 2003; 62 Suppl 2:ii37–42. PMID: 14532147; PubMed
Central PMCID: PMCPMC1766754.

10. Green AM, Difazio R, Flynn JL. IFN-gamma from CD4 T cells is essential for host survival and
enhances CD8 T cell function duringMycobacterium tuberculosis infection. J Immunol. 2013; 190
(1):270–7. doi: 10.4049/jimmunol.1200061 PMID: 23233724; PubMed Central PMCID:
PMCPMC3683563.

11. Beamer GL, Flaherty DK, Assogba BD, Stromberg P, Gonzalez-Juarrero M, de Waal Malefyt R, et al.
Interleukin-10 promotesMycobacterium tuberculosis disease progression in CBA/J mice. J Immunol.
2008; 181(8):5545–50. PMID: 18832712; PubMed Central PMCID: PMC2728584.

12. Weiser JN, Roche AM, Hergott CB, LaRose MI, Connolly T, JorgensenWL, et al. Macrophage migra-
tion inhibitory factor (MIF) is detrimental in pneumococcal pneumonia and a target for therapeutic immu-
nomodulation. J Infect Dis. 2015. doi: 10.1093/infdis/jiv262 PMID: 25943202.

13. Vilaplana C, Prats C, Marzo E, Barril C, Vegue M, Diaz J, et al. To achieve an earlier IFN-gamma
response is not sufficient to controlMycobacterium tuberculosis infection in mice. PLoS One. 2014; 9
(6):e100830. doi: 10.1371/journal.pone.0100830 PMID: 24959669; PubMed Central PMCID:
PMC4069189.

14. Ali A.Mycobacterium tuberculosis and Molecular Epidemiology: An Overview. Journal of Microbiology
Research. 2014; 4 (6A):25–31. doi: 10.5923/s.microbiology.201401.04

15. Gagneux S, Small PM. Global phylogeography ofMycobacterium tuberculosis and implications for
tuberculosis product development. Lancet Infect Dis. 2007; 7(5):328–37. doi: 10.1016/S1473-3099(07)
70108-1 PMID: 17448936.

16. Buu TN, van Soolingen D, Huyen MN, Lan NT, Quy HT, Tiemersma EW, et al. Increased transmission
ofMycobacterium tuberculosis Beijing genotype strains associated with resistance to streptomycin: a
population-based study. PLoS One. 2012; 7(8):e42323. doi: 10.1371/journal.pone.0042323 PMID:
22912700; PubMed Central PMCID: PMC3418256.

17. HanekomM, van der Spuy GD, Streicher E, Ndabambi SL, McEvoy CR, Kidd M, et al. A recently
evolved sublineage of theMycobacterium tuberculosis Beijing strain family is associated with an
increased ability to spread and cause disease. J Clin Microbiol. 2007; 45(5):1483–90. doi: 10.1128/
JCM.02191-06 PMID: 17360841; PubMed Central PMCID: PMC1865897.

18. Palanisamy GS, Smith EE, Shanley CA, Ordway DJ, Orme IM, Basaraba RJ. Disseminated disease
severity as a measure of virulence ofMycobacterium tuberculosis in the guinea pig model. Tuberculo-
sis (Edinb). 2008; 88(4):295–306. doi: 10.1016/j.tube.2007.12.003 PMID: 18321783; PubMed Central
PMCID: PMC2572689.

Kinetics of Immune Cells during Mtb Infection

PLOS ONE | DOI:10.1371/journal.pone.0145234 December 16, 2015 18 / 20

http://dx.doi.org/10.1148/radiology.210.2.r99ja34307
http://dx.doi.org/10.1148/radiology.210.2.r99ja34307
http://www.ncbi.nlm.nih.gov/pubmed/10207408
http://dx.doi.org/10.1128/mBio.00250-13
http://www.ncbi.nlm.nih.gov/pubmed/23900170
http://www.ncbi.nlm.nih.gov/pubmed/25361920
http://dx.doi.org/10.1099/mic.0.2007/010850-0
http://www.ncbi.nlm.nih.gov/pubmed/17906135
http://dx.doi.org/10.1371/journal.pone.0062966
http://www.ncbi.nlm.nih.gov/pubmed/23667550
http://dx.doi.org/10.1002/eji.200939615
http://www.ncbi.nlm.nih.gov/pubmed/19795415
http://www.ncbi.nlm.nih.gov/pubmed/12819102
http://www.ncbi.nlm.nih.gov/pubmed/14532147
http://dx.doi.org/10.4049/jimmunol.1200061
http://www.ncbi.nlm.nih.gov/pubmed/23233724
http://www.ncbi.nlm.nih.gov/pubmed/18832712
http://dx.doi.org/10.1093/infdis/jiv262
http://www.ncbi.nlm.nih.gov/pubmed/25943202
http://dx.doi.org/10.1371/journal.pone.0100830
http://www.ncbi.nlm.nih.gov/pubmed/24959669
http://dx.doi.org/10.5923/s.microbiology.201401.04
http://dx.doi.org/10.1016/S1473-3099(07)70108-1
http://dx.doi.org/10.1016/S1473-3099(07)70108-1
http://www.ncbi.nlm.nih.gov/pubmed/17448936
http://dx.doi.org/10.1371/journal.pone.0042323
http://www.ncbi.nlm.nih.gov/pubmed/22912700
http://dx.doi.org/10.1128/JCM.02191-06
http://dx.doi.org/10.1128/JCM.02191-06
http://www.ncbi.nlm.nih.gov/pubmed/17360841
http://dx.doi.org/10.1016/j.tube.2007.12.003
http://www.ncbi.nlm.nih.gov/pubmed/18321783


19. Manca C, Tsenova L, Bergtold A, Freeman S, Tovey M, Musser JM, et al. Virulence of aMycobacte-
rium tuberculosis clinical isolate in mice is determined by failure to induce Th1 type immunity and is
associated with induction of IFN-alpha /beta. Proc Natl Acad Sci U S A. 2001; 98(10):5752–7. doi: 10.
1073/pnas.091096998 PMID: 11320211; PubMed Central PMCID: PMC33285.

20. Amaral EP, Ribeiro SC, Lanes VR, Almeida FM, de Andrade MR, Bomfim CC, et al. Pulmonary infec-
tion with hypervirulent Mycobacteria reveals a crucial role for the P2X7 receptor in aggressive forms of
tuberculosis. PLoS Pathog. 2014; 10(7):e1004188. doi: 10.1371/journal.ppat.1004188 PMID:
24991816; PubMed Central PMCID: PMC4081775.

21. Kim SJ, Bai GH, Lee H, Kim HJ, LewWJ, Park YK, et al. Transmission ofMycobacterium tuberculosis
among high school students in Korea. Int J Tuberc Lung Dis. 2001; 5(9):824–30. PMID: 11573893.

22. Jeon BY, Kwak J, Hahn MY, Eum SY, Yang J, Kim SC, et al. In vivo characteristics of Korean Beijing
Mycobacterium tuberculosis strain K1 in an aerosol challenge model and in the Cornell latent tubercu-
losis model. J Med Microbiol. 2012; 61(Pt 10):1373–9. doi: 10.1099/jmm.0.047027–0 PMID: 22820694.

23. Peters W, Scott HM, Chambers HF, Flynn JL, Charo IF, Ernst JD. Chemokine receptor 2 serves an
early and essential role in resistance toMycobacterium tuberculosis. Proc Natl Acad Sci U S A. 2001;
98(14):7958–63. doi: 10.1073/pnas.131207398 PMID: 11438742; PubMed Central PMCID:
PMC35450.

24. Byun EH, KimWS, Kim JS, Jung ID, Park YM, Kim HJ, et al.Mycobacterium tuberculosis Rv0577, a
novel TLR2 agonist, induces maturation of dendritic cells and drives Th1 immune response. FASEB J.
2012; 26(6):2695–711. doi: 10.1096/fj.11-199588 PMID: 22415304.

25. Mihret A. The role of dendritic cells inMycobacterium tuberculosis infection. Virulence. 2012; 3(7):654–
9. doi: 10.4161/viru.22586 PMID: 23154283; PubMed Central PMCID: PMCPMC3545947.

26. Obregon-Henao A, Henao-Tamayo M, Orme IM, Ordway DJ. Gr1(int)CD11b+ myeloid-derived sup-
pressor cells inMycobacterium tuberculosis infection. PloS one. 2013; 8(11):e80669. doi: 10.1371/
journal.pone.0080669 PMID: 24224058; PubMed Central PMCID: PMCPMC3815237.

27. Smith I.Mycobacterium tuberculosis pathogenesis and molecular determinants of virulence. Clin
Microbiol Rev. 2003; 16(3):463–96. PMID: 12857778; PubMed Central PMCID: PMC164219.

28. Gideon HP, Phuah J, Myers AJ, Bryson BD, Rodgers MA, Coleman MT, et al. Variability in tuberculosis
granuloma T cell responses exists, but a balance of pro- and anti-inflammatory cytokines is associated
with sterilization. PLoS Pathog. 2015; 11(1):e1004603. doi: 10.1371/journal.ppat.1004603 PMID:
25611466; PubMed Central PMCID: PMCPMC4303275.

29. van Crevel R, Ottenhoff TH, van der Meer JW. Innate immunity toMycobacterium tuberculosis. Clin
Microbiol Rev. 2002; 15(2):294–309. PMID: 11932234; PubMed Central PMCID: PMC118070.

30. Meraviglia S, El Daker S, Dieli F, Martini F, Martino A. gammadelta T cells cross-link innate and adap-
tive immunity inMycobacterium tuberculosis infection. Clin Dev Immunol. 2011; 2011:587315. doi: 10.
1155/2011/587315 PMID: 21253470; PubMed Central PMCID: PMC3022180.

31. Ahmad S. Pathogenesis, immunology, and diagnosis of latentMycobacterium tuberculosis infection.
Clin Dev Immunol. 2011; 2011:814943. doi: 10.1155/2011/814943 PMID: 21234341; PubMed Central
PMCID: PMCPMC3017943.

32. Tundup S, Mohareer K, Hasnain SE.Mycobacterium tuberculosis PE25/PPE41 protein complex
induces necrosis in macrophages: Role in virulence and disease reactivation? FEBSOpen Bio. 2014;
4:822–8. doi: 10.1016/j.fob.2014.09.001 PMID: 25379378; PubMed Central PMCID:
PMCPMC4219985.

33. Carlsson F, Kim J, Dumitru C, Barck KH, Carano RA, Sun M, et al. Host-detrimental role of Esx-1-medi-
ated inflammasome activation in mycobacterial infection. PLoS Pathog. 2010; 6(5):e1000895. doi: 10.
1371/journal.ppat.1000895 PMID: 20463815; PubMed Central PMCID: PMCPMC2865529.

34. Zhang L, Zhang H, Zhao Y, Mao F, Wu J, Bai B, et al. Effects ofMycobacterium tuberculosis ESAT-6/
CFP-10 fusion protein on the autophagy function of mouse macrophages. DNA Cell Biol. 2012; 31
(2):171–9. doi: 10.1089/dna.2011.1290 PMID: 21740189.

35. Sreejit G, Ahmed A, Parveen N, Jha V, Valluri VL, Ghosh S, et al. The ESAT-6 protein ofMycobacte-
rium tuberculosis interacts with beta-2-microglobulin (beta2M) affecting antigen presentation function
of macrophage. PLoS Pathog. 2014; 10(10):e1004446. doi: 10.1371/journal.ppat.1004446 PMID:
25356553; PubMed Central PMCID: PMCPMC4214792.

36. Romagnoli A, Etna MP, Giacomini E, Pardini M, Remoli ME, Corazzari M, et al. ESX-1 dependent
impairment of autophagic flux byMycobacterium tuberculosis in human dendritic cells. Autophagy.
2012; 8(9):1357–70. doi: 10.4161/auto.20881 PMID: 22885411; PubMed Central PMCID:
PMCPMC3442882.

37. Lee JS, Krause R, Schreiber J, Mollenkopf HJ, Kowall J, Stein R, et al. Mutation in the transcriptional
regulator PhoP contributes to avirulence ofMycobacterium tuberculosis H37Ra strain. Cell Host
Microbe. 2008; 3(2):97–103. doi: 10.1016/j.chom.2008.01.002 PMID: 18312844.

Kinetics of Immune Cells during Mtb Infection

PLOS ONE | DOI:10.1371/journal.pone.0145234 December 16, 2015 19 / 20

http://dx.doi.org/10.1073/pnas.091096998
http://dx.doi.org/10.1073/pnas.091096998
http://www.ncbi.nlm.nih.gov/pubmed/11320211
http://dx.doi.org/10.1371/journal.ppat.1004188
http://www.ncbi.nlm.nih.gov/pubmed/24991816
http://www.ncbi.nlm.nih.gov/pubmed/11573893
http://dx.doi.org/10.1099/jmm.0.0470270
http://www.ncbi.nlm.nih.gov/pubmed/22820694
http://dx.doi.org/10.1073/pnas.131207398
http://www.ncbi.nlm.nih.gov/pubmed/11438742
http://dx.doi.org/10.1096/fj.11-199588
http://www.ncbi.nlm.nih.gov/pubmed/22415304
http://dx.doi.org/10.4161/viru.22586
http://www.ncbi.nlm.nih.gov/pubmed/23154283
http://dx.doi.org/10.1371/journal.pone.0080669
http://dx.doi.org/10.1371/journal.pone.0080669
http://www.ncbi.nlm.nih.gov/pubmed/24224058
http://www.ncbi.nlm.nih.gov/pubmed/12857778
http://dx.doi.org/10.1371/journal.ppat.1004603
http://www.ncbi.nlm.nih.gov/pubmed/25611466
http://www.ncbi.nlm.nih.gov/pubmed/11932234
http://dx.doi.org/10.1155/2011/587315
http://dx.doi.org/10.1155/2011/587315
http://www.ncbi.nlm.nih.gov/pubmed/21253470
http://dx.doi.org/10.1155/2011/814943
http://www.ncbi.nlm.nih.gov/pubmed/21234341
http://dx.doi.org/10.1016/j.fob.2014.09.001
http://www.ncbi.nlm.nih.gov/pubmed/25379378
http://dx.doi.org/10.1371/journal.ppat.1000895
http://dx.doi.org/10.1371/journal.ppat.1000895
http://www.ncbi.nlm.nih.gov/pubmed/20463815
http://dx.doi.org/10.1089/dna.2011.1290
http://www.ncbi.nlm.nih.gov/pubmed/21740189
http://dx.doi.org/10.1371/journal.ppat.1004446
http://www.ncbi.nlm.nih.gov/pubmed/25356553
http://dx.doi.org/10.4161/auto.20881
http://www.ncbi.nlm.nih.gov/pubmed/22885411
http://dx.doi.org/10.1016/j.chom.2008.01.002
http://www.ncbi.nlm.nih.gov/pubmed/18312844


38. Shin AR, Shin SJ, Lee KS, Eom SH, Lee SS, Lee BS, et al. Improved sensitivity of diagnosis of tubercu-
losis in patients in Korea via a cocktail enzyme-linked immunosorbent assay containing the abundantly
expressed antigens of the K strain ofMycobacterium tuberculosis. Clin Vaccine Immunol. 2008; 15
(12):1788–95. doi: 10.1128/CVI.00231-08 PMID: 18945883; PubMed Central PMCID:
PMCPMC2593165.

39. Kipnis A, Irwin S, Izzo AA, Basaraba RJ, Orme IM. Memory T lymphocytes generated byMycobacte-
rium bovis BCG vaccination reside within a CD4 CD44lo CD62 ligand(hi) population. Infect Immun.
2005; 73(11):7759–64. doi: 10.1128/IAI.73.11.7759–7764.2005 PMID: 16239580; PubMed Central
PMCID: PMC1273888.

40. Ancelet LR, Aldwell FE, Rich FJ, Kirman JR. Oral vaccination with lipid-formulated BCG induces a
long-lived, multifunctional CD4(+) T cell memory immune response. PLoS One. 2012; 7(9):e45888. doi:
10.1371/journal.pone.0045888 PMID: 23049885; PubMed Central PMCID: PMC3457949.

41. Ordway D, Henao-Tamayo M, Harton M, Palanisamy G, Troudt J, Shanley C, et al. The hypervirulent
Mycobacterium tuberculosis strain HN878 induces a potent TH1 response followed by rapid down-reg-
ulation. J Immunol. 2007; 179(1):522–31. PMID: 17579073.

42. Semple PL, Binder AB, Davids M, Maredza A, van Zyl-Smit RN, Dheda K. Regulatory T cells attenuate
mycobacterial stasis in alveolar and blood-derived macrophages from patients with tuberculosis. Am J
Respir Crit Care Med. 2013; 187(11):1249–58. doi: 10.1164/rccm.201210-1934OC PMID: 23590266.

43. Satchidanandam V, Kumar N, Jumani RS, Challu V, Elangovan S, Khan NA. The glycosylated Rv1860
protein ofmycobacterium tuberculosis inhibits dendritic cell mediated TH1 and TH17 polarization of T
cells and abrogates protective immunity conferred by BCG. PLoS Pathog. 2014; 10(6):e1004176. doi:
10.1371/journal.ppat.1004176 PMID: 24945624; PubMed Central PMCID: PMC4055742.

44. Verwaerde C, Debrie AS, Dombu C, Legrand D, Raze D, Lecher S, et al. HBHA vaccination may
require both Th1 and Th17 immune responses to protect mice against tuberculosis. Vaccine. 2014; 32
(47):6240–50. doi: 10.1016/j.vaccine.2014.09.024 PMID: 25252198.

45. Mayer-Barber KD, Andrade BB, Oland SD, Amaral EP, Barber DL, Gonzales J, et al. Host-directed ther-
apy of tuberculosis based on interleukin-1 and type I interferon crosstalk. Nature. 2014; 511(7507):99–
103. doi: 10.1038/nature13489 PMID: 24990750.

46. Antonelli LR, Gigliotti Rothfuchs A, Goncalves R, Roffe E, Cheever AW, Bafica A, et al. Intranasal Poly-
IC treatment exacerbates tuberculosis in mice through the pulmonary recruitment of a pathogen-per-
missive monocyte/macrophage population. J Clin Invest. 2010; 120(5):1674–82. doi: 10.1172/
JCI40817 PMID: 20389020; PubMed Central PMCID: PMC2860920.

47. McKenna K, Beignon AS, Bhardwaj N. Plasmacytoid dendritic cells: linking innate and adaptive immu-
nity. J Virol. 2005; 79(1):17–27. doi: 10.1128/JVI.79.1.17–27.2005 PMID: 15596797; PubMed Central
PMCID: PMC538703.

48. Gupta V, Jaiswal A, Behera D, Prasad HK. Disparity in circulating peripheral blood dendritic cell sub-
sets and cytokine profile of pulmonary tuberculosis patients compared with healthy family contacts.
Hum Immunol. 2010; 71(7):682–91. doi: 10.1016/j.humimm.2010.03.010 PMID: 20381566.

49. Tsiganov EN, Verbina EM, Radaeva TV, Sosunov VV, Kosmiadi GA, Nikitina IY, et al. Gr-1dimCD11b+
immature myeloid-derived suppressor cells but not neutrophils are markers of lethal tuberculosis infec-
tion in mice. J Immunol. 2014; 192(10):4718–27. doi: 10.4049/jimmunol.1301365 PMID: 24711621.

Kinetics of Immune Cells during Mtb Infection

PLOS ONE | DOI:10.1371/journal.pone.0145234 December 16, 2015 20 / 20

http://dx.doi.org/10.1128/CVI.00231-08
http://www.ncbi.nlm.nih.gov/pubmed/18945883
http://dx.doi.org/10.1128/IAI.73.11.77597764.2005
http://www.ncbi.nlm.nih.gov/pubmed/16239580
http://dx.doi.org/10.1371/journal.pone.0045888
http://www.ncbi.nlm.nih.gov/pubmed/23049885
http://www.ncbi.nlm.nih.gov/pubmed/17579073
http://dx.doi.org/10.1164/rccm.201210-1934OC
http://www.ncbi.nlm.nih.gov/pubmed/23590266
http://dx.doi.org/10.1371/journal.ppat.1004176
http://www.ncbi.nlm.nih.gov/pubmed/24945624
http://dx.doi.org/10.1016/j.vaccine.2014.09.024
http://www.ncbi.nlm.nih.gov/pubmed/25252198
http://dx.doi.org/10.1038/nature13489
http://www.ncbi.nlm.nih.gov/pubmed/24990750
http://dx.doi.org/10.1172/JCI40817
http://dx.doi.org/10.1172/JCI40817
http://www.ncbi.nlm.nih.gov/pubmed/20389020
http://dx.doi.org/10.1128/JVI.79.1.1727.2005
http://www.ncbi.nlm.nih.gov/pubmed/15596797
http://dx.doi.org/10.1016/j.humimm.2010.03.010
http://www.ncbi.nlm.nih.gov/pubmed/20381566
http://dx.doi.org/10.4049/jimmunol.1301365
http://www.ncbi.nlm.nih.gov/pubmed/24711621

