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Drug Resistant Clinical Isolates of Mycobacterium
tuberculosis from Different Genotypes Exhibit
Differential Host Responses in THP-1 Cells
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Abstract

Mycobacterium tuberculosis (MTB) persistently infects and survives within the host macrophages. Substantial genotypic
variation exists among MTB strains which correlate with their interactions with the host. The present study was designed to
establish a correlation, if any, between infection and induction of innate immune response by genetically diverse drug
resistant MTB isolates from India. For this purpose, three clinical isolates from ancient and modern lineages, along with
H37Ra and H37Rv were evaluated for intracellular growth, phagocytic index, induction of proinflammatory cytokines and
apoptosis following infection in THP-1 cell line. A wide variation in the induction of cytokines was revealed subsequent to
infection with different strains. EAI-5 strain from ancient lineage 1, induced higher proinflammatory responses, higher
apoptosis and moderate intracellular growth compared to other strains, in contrast, for Beijing strain of modern lineage 2,
all three parameters were lowest among the clinical isolates. Further, the responses induced by LAM-6 from modern lineage
4 were at a moderate level, similar to the laboratory strain H37Rv which also belongs to lineage 4. Thus, these profiles were
specific to their respective lineages and/or genotypes and independent of their drug resistance status. Further, a positive
correlation, among TNF-o, IL-18, IL-6 and IL-12 induced in infected THP-1 cells was demonstrated. In addition, induction of
all pro-inflammatory cytokines correlated well with the host cell apoptosis. A positive correlation was observed between
phagocytic index in the category of ‘>10 bacilli/cell’ and induction of apoptosis, only for virulent strains, indicating that
initial accumulation of MTB strains inside the host cell may be an important determining factor for different innate
responses.
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Introduction (LLSPs) and these were named according to their geographical
distribution [11]. It was also reported that lineages 1, 5 and 6 were
ancient and; 2, 3 and 4 were modern on the basis of ThD1
analysis.

Tuberculosis (IB), the most prevalent infectious disease in the
world, causes 1.4 million deaths each year including nearly 3,
50,000 deaths in India [1]. The innate immune responses to

- ) h - The genetically diverse MTB strains from different lineages
Mpycobacterium tuberculosis (M'TB), a causative agent of TB, by

N . . have been shown to induce variable host responses in macro-
macrophages and dendritic cells (DC) play a crucial role in the L oes cell lines and mouse models [12,13,14,15,16,17,18]. These
host defense [2,3]. The induction of the immune responses

depends on the complex interplay between the host and the
pathogen which may contribute to variations in immunopathology
and transmission of the disease. Susceptibility to TB has been
linked to polymorphism of certain host genes e.g. MHC, TLR-2,
Vitamin D receptor, IFN-y, IL-12R etc. [4,5,6]. It was initially
believed that MTB complex constituted a genetically highly
conserved group of bacteria, hence most of the earlier immuno-
logical studies have used a limited number of laboratory strains,
such as H37Ra, H37Rv, Erdman and CDC1551 [7,8]. The
diversity in MTB genome, especially in the human-adapted
strains, was demonstrated by evaluating polymorphisms at
msertion elements, spacer elements in the direct repeat region
and mycobacterial interspersed repetitive unit [9,10]. Comas and
Gagneux, demonstrated that MTB could be grouped into six main
lineages and 15 sub-lineages using large sequence polymorphisms

strains are also known to vary with respect to their growth,
virulence and immunopathology [19]. Selected W-Beijing strains
elicited less proinflammatory and Thl type cytokines than the
non-W-Beijing strains. Further, Beijing and CASlstrains, belong-
ing to lineage 2 and 3 respectively, showed lower growth rate and
induced lower levels of proinflammatory cytokines in THP-1 cells
[18] as well as macrophages from human PBMNC compared to
standard laboratory strain H37Rv belonging to lineage 4 [20]. In
contrast, another group detected higher induction of TNF-a by
Beijing strain in human macrophages [14]. In a mouse model,
genetically different MTB strains elicited dissimilar immune
responses in lung, which determined differences in pathology
and mortality. The Beijing genotype induced the highest mortality
compared to H37Rv and Canetti genotype [13]. Further,
apoptosis in the host cells may also contribute to innate host
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defense. Avirulent or attenuated strains were reported to induce
significantly more apoptosis than virulent strains in alveolar
macrophages [21]. Furthermore, host cell survival and apoptosis
were also modulated by relative levels of TNF-oo and IL-10
induced by MTB strains [22] and depended on phagocytic index
for respective strains [23]. It is, therefore, important to evaluate
phagocytosis and apoptosis in addition to intracellular growth and
cytokines in the host cells infected with different MTB strains to
get an explicit picture of the host defense in tuberculosis. Though
there are several reports on host responses induced by MTB
strains, no such studies on host response have been carried out
with Indian MTB strains. Therefore, the present study was carried
out to comprehensively evaluate all above mentioned parameters
of host response in the monocyte leukemic cell line, THP-1,
infected with well characterized drug resistant clinical isolates of
EAI Beijing and LAM genotypes from lineage 1, 2 and 4 of MTB,
respectively, along with H37Ra and H37Rv. The correlation of
these responses, if any, with the drug resistant status of the M'TB
strains was also assessed.

Materials and Methods

Characterization of M. tuberculosis Strains

Three clinical isolates used in the study were kindly provided by
Department of Microbiology, KEM hospital and Tata Memorial
Hospital, Parel, Mumbai and were selected on the basis of their
spoligotyping pattern assessed using the kit from Isogen Bioscience
B.V., Maarsen, Netherlands. Drug resistance status was evaluated
by a susceptibility test performed as per the recommendations by
WHO. After the documentation of a binary code, the spoligotypes
were assigned as per the updated version of the international
spoligotype database SpolDB4 [24]. EAI Beijing and LAM strains
from lineage 1, 2 and 4 respectively along with laboratory strains
H37Ra and H37Rv were selected. DNA was extracted from all the
strains by the standard cetyl-trimethyl ammonium bromide
(CTAB) method [25]. In order to distinguish between modern
and ancient genotypes, PCR was performed using ThD1 (MTB
specific deletion 1) and RD1 specific primers [26]. In addition,
MIRU-VNTR typing was performed by amplifying 12 MIRU-
VNTR loci and the results were combined to form a 12-digit allele
profile [10].

Mycobacterial Growth and Single Cell Suspension

The MTB strains from patients were isolated on Lowenstein—
Jensen (L)) media (HIMEDIA, Mumbai) and after confirmation of
a pure culture and biochemical tests, single colony was added to
complete Middelbrook 7H9 medium (HIMEDIA) to get mid log
phase culture. The cells were harvested at this point and stored in
glycerol at —70°C. Before every infection experiment, these cell
stocks were grown into log phase and used. The passage number
was maintained at 5-6 for all the experiments. Single cell
suspensions were prepared as per the standard protocol with
minor modification [27]. Briefly, the cell pellets were washed,
suspended in PBS containing 0.2% Tween 20 and transferred to a
hard glass test tube containing around 25 glass beads (3 mm
diameter). After bath sonication for 30 sec and vigorous vortexing
for 5 minutes, the suspension was kept undisturbed for half an
hour. The cell count was monitored by taking optical density (OD)
of the upper cell layer at 600 nm and finally adjusted as required
for infection experiments. The absence of clumps was confirmed
by Ziehl-Neelsen Carbol Fuchsin (ZNCF) staining and the cell
viability was evaluated by colony forming units (CFU) assay in
each preparation.
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Host Cell Culture and Infection

As a genetically consistent model host, THP-1 cells were used in
this study. THP-1 cell line was obtained from the National Center
for Cell Science, Pune, India. It was maintained in RPMI 1640
medium (GIBCO, USA) supplemented with 2 mM L-glutamine,
10 mM HEPES buffer, 1.0 mM sodium pyruvate and 10% fetal
bovine serum at 37°C in 5% COy humidified incubator. The cells
were differentiated into macrophages by treatment with 20 nM
phorbol-12-myristate-13-acetate (PMA, Sigma). After overnight
incubation, the monolayer formed was co-cultured with different
MTB strains at MOI (multiplicity of infection) of 10 (10:1 bacilli/
THP-1 cells), for 4 hours. The infected cells were washed three
times with PBS to remove extracellular bacilli. Same passage
number of THP-1 was maintained for study of responses to
different M'TB strains.

Phagocytic Index

To study the phagocytic index, the THP-1 cells were seeded on
a sterile glass coverslip and infected with M'TB strains used in this
study. After four hours of infection, the numbers of internalized
bacilli were counted microscopically, using Ziehl Neelsen (ZN)
acid fast and phenolic auramine staining. At least 300 consecutive
macrophages were counted and grouped according to the number
of intracellular bacteria.

Assay of Intracellular Growth

To determine intracellular growth of various MTB strains, at
different time points, CFU assay and a modified radiorespiro-
metric assay were used [28]. Radiorespirometry works on the
principle similar to BACTEC460 which uses '*C acetate and
correlates well with CFU as well as spectrophotometric OD
calculations [29]. In this experiment, monolayers of THP-1 cells
were prepared in 24-well plates (10%cells/well) and then were
infected with the MTB at MOI of 10. Infected cells were
incubated for 4 h at 37°C in 5% CO,, and were washed three
times with PBS to remove extracellular bacilli. Infected cells
were further incubated in medium for 1 to 5 days. At the end
of the incubation, cells were lysed with 1 ml of sterile distilled
water. After 15 minutes, the lysis was confirmed by microscopic
observation and the lysate was properly mixed. One hundred
micro-litres of the lysate was transferred into radiorespirometry
vial with 1 uCi "C acetate from BRIT (Board of Radiation and
Isotope Technology), Mumbai, India. Another aliquot of 100 ul
was serially diluted and plated on complete 7H11 Middlebrook
media agar plate in triplicate for evaluation of CFU. The vial
used for radiorespirometry was an assembly of inner small vial
containing L] medium (without glycerol) and an outer vial
having Whatman paper! dipped in alkaline scintillation cocktail,
forming a hemi cylinder. The paper was dipped in a mixture of
liquifluor PPO-POPOP (2,5 diphenyloxazole-1,4-bis(5-phenylox-
azoly) benzene) toluene concentrate and 4.0 N NaOH-methanol
and dried before use. The generation of radioactive '*CiO, was
determined daily with a Perkin Elmer Liquid Scintillation
Analyzer (Tri-Carb 3100TR) and the data are presented as
cumulative cpm (counts per minute). The cpm obtained on day
5 of the assay was compared for all MTB strains and were
correlated with CFU.

RNA Extraction, cDNA Synthesis and Real-time Reverse
Transcription-polymerase Chain Reaction (RT-PCR)
RNA was extracted using a commercial RNA extraction kit

(Qiagen) according to the manufacturer’s instructions. Thereaf-
ter, cDNA was synthesized using 1 pug of RNA by cDNA
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synthesis kit (Cat.No.#K1622, Fermentas Life Science). Quan-
titative real-time RT-PCR was performed with TNF-o, IL-18,
IL-12, and B-actin primers [30,31] using SYBR Green master
Mix (CAT # 600548, Stratagene, La Jolla, Ca, USA ) with the
following amplification conditions: initial denaturation of 10 min
at 95°C followed by 40 cycles of 95°C for 15s, 60°C for 30s
and 72°C for 30s. Melting curve analysis was performed for
confirming the specificity of PCR. Further, the Ct values for
each gene amplification were normalized with respect to the
house-keeping gene, B-actin by 2 “2“ method [32] and the
expression levels are presented as fold induction in comparison
to uninfected THP-1 cells.

Cytokine Estimation by ELISA (Enzyme-linked
Immunosorbent Assay)

Supernatants from infected cells (24 and 48 hours) were
collected, centrifuged and frozen at —70°C until used. Determi-
nation of TNF-a, IL-1B, I1L-6, IL-12 and IL-10 was carried out
using commercial ELISA kits (BD OptEIA, Franklin Lakes, NJ,
USA).

Apoptosis Assays

Flowcytometric analysis. After 5 and 6 days of infection,
THP-1 cells were washed with Annexin-binding buffer (10 mM
HEPES; 0.14 M NaCl; 2.5 mM CaCly; pH 7.4) and 5 ul of
Annexin V-FITC (Sigma, USA) was added to 10° cells. Cells were
gently mixed and incubated for 15 min at room temperature in
dark. Thereafter, the cells were acquired in a flowcytometer
(Partec Cyflow Space, Gorlitz, Germany) and analyzed by
Flowmax software version 2.0.

Apoptosis ELISA. Apoptosis induction by different strains
was measured by nucleosomal fragmentation ELISA (Cell Death
Detection ELISAplus, Roche Applied Science, Indianapolis, IN).
Briefly, 10* cells were plated per well in 96-well plates, in presence
and absence of M'TB strains for 5 days and after removal of the
supernatant, cells were lysed with the lysis buffer provided in the
kit. After centrifugation of the lysate, supernatant was carefully
transferred to precoated microtitre plate and subjected to ELISA
as per the manufacturer’s protocol. The absorbance values were
normalized to those from uninfected cells to derive an enrichment
factor as per the manufacturer’s protocol (Roche Applied Science).

Western Blot. Western blot was performed as previously
described [33]. In brief, infected THP-1cells were lysed, centri-
fuged and 80 pg of protein was resolved in 10% SDS-polyacryl-
amide gel for one hour at 100V. The proteins were transferred to a
nitrocellulose membrane (Sigma) and after blocking for 2 hr, were
incubated with rabbit antibodies against PARP (Poly ADP ribose
polymerase) or -actin followed by biotinylated anti-rabbit
secondary antibody (all antibodies from Cell Signaling, Beverly,
MA, USA). After washing, the membranes were developed with
chemiluminescence reagents (Roche) and exposed to x-ray film.

Statistical Analysis

Statistical analysis was performed using Sigmastat 3.5 and
Microsoft Excel Statistical software. To determine differences
between measurements from individual isolates ‘One Way
Analysis of Variance’ was performed and P=<0.05 was considered
as significant. For correlation between proinflammatory cytokine
production, apoptosis, intracellular growth and phagocytosis, the
‘Pearson correlation test’ was performed and P=0.05 was
considered as significant.
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Results

Characterization of M. tuberculosis Strains

Table-1 depicts the genotypic characteristics for the MTB
strains selected for the study. The presence of intact ThD-1 region
confirmed that EAI strain in the study was of an ancient lineage
and its absence indicated that LAM and Beijing belonged to
modern lineages. EAI-5 and LAM strain were resistant to eight
and six drugs respectively whereas, Beijing strain was conventional
XDR with resistance to ten drugs. A phylogenetic tree of isolates
used in this study along with nearly 200 other well typed strains
was constructed using spoligotype and 12-digit allele profile of
MIRU (http://www.miru-vntrplus.org) [34] (Fig. S1).

Phagocytic Index for Different Strains of MTB

The extent of infection by all M'TB strains in THP-1 cells was
scored on the basis of phagocytic index using phenolic auramine
staining (Fig. 1A and 1B). All the strains showed comparable
infectivity in THP-1 cells (65% to 70% after four hours of
infection). However, when the cells showing phagocytosis were
divided into three different groups viz. 1-5, 6-10 and greater than
10 bacilli per cell, it was found that significantly higher percentage
of THP-1 cells infected with H37Ra, showed higher accumulation
of bacteria i.e. 24%7% cells in the category “>10 bacilli/cell’ than
those infected with either Beijing (10£3%) or LAM (15%4%)
strains. The percentage of infected macrophages in ‘1-5 bacilli/
cell’ category was higher compared to ‘6-10" and “>10 bacilli/
cell’ categories for all the strains (Fig. 1C).

Assessment of Intracellular Mycobacterial Growth in
Infected THP-1 Cells

The intracellular growth was monitored by radiorespirometry
and as CFU. Figure 2A shows the cumulative response (CPM
obtained for '*CO, released by viable bacilli), observed by
radiorespirometry technique for intracellular bacterial load of
different M'TB strains at different time points. Fig. 2B shows CFU
counts obtained for corresponding time points after infection. The
radiorespirometry data correlated well with CFU counts
(R?=0.98, P<(0.05), confirming that the signal observed in
radiorespirometry was from intracellular bacteria. A gradual
increase in intracellular bacilli was observed for all the strains, with
H37Rv and LAM-6 showing significantly higher intracellular
bacillary growth compared to H37Ra. Though, THP-1 cells
infected by different strains showed different percentages of cells in
three different categories mentioned above, the total number of
intracellular bacteria on day zero were in the range of 6.6 x 10* to
7.1 x 10* (as per CFU assay), which were not significantly
different to give differences in cpm values in the radiorespirometry
assay.

Table 1. Genotypes of M. tuberculosis strains used in the
study.

Lineage Spoligo
Clades No. code SIT* MIRU-VNTR # TbD-1 RD1
EAI5 1 777700777413700 763 254326223513 + F
LAM6 4 777777607560771 64 123326153328 — +
Beijing 2 000000000003771 1 222325153533 —

*SIT = Spoligo-International-Type number.

# 12 loci in the order=M2, M4, M10, M16, M20, M23, M24, M26, M27, M31,
M39, M40.

doi:10.1371/journal.pone.0062966.t001
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Figure 1. Phagocytosis of different strains of MTB by THP-1 cells. The representative photographs show THP-1 cells infected with MTB and
stained with auramine-KMnO, after 4 hours of infection, seen under UV light (Olympus, Tokyo) (A) at high magnification (x1000) and (B) low
magnification respectively (x400). (C) Phagocytic index was categorized into 1-5 bacilli, 6-10 bacilli and >10 bacilli per cell. Each bar represents the
mean * SD for pooled values from five independent experiments.

doi:10.1371/journal.pone.0062966.g001
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Figure 2. Intracellular growth of different MTB strains. THP-1 cells were infected with H37Ra, H37Rv, EAIl, LAM and Beijing strains of MTB at
MOI of 10 for 4 hrs and after removing extracellular bacteria, the infected cells were further incubated with medium for 1-5 days. After each
incubation time, the infected cells were lysed. The lysates of infected cells were either inoculated in radiorespirometry vial containing LJ medium with
'4C acetate or serially diluted and plated for CFU assay. For radiorespirometry (A), the counts were taken in a Liquid Scintillation counter (LSC) five
days after vial preparation and for CFU assay (B) colonies were counted after 30 days of plating. Three such independent experiments were carried
out and the data points represent mean = SEM from all three experiments.

doi:10.1371/journal.pone.0062966.g002
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Cytokine Profiles in THP-1 Cells after Infection with
Different Strains

The mRNA expression for proinflammatory cytokines like
TNF-a, IL-1B, IL-12 and anti-inflammatory cytokine IL-10,
induced by different MTB strains in infected THP-1 cells, showed
variable patterns (Fig. 3A). The levels of different cytokines when
measured by ELISA corroborated the mRNA expression patterns
(Fig. 3B). The expression of TNF-a, IL-12 and IL-1B, both at
mRNA and protein level, was significantly (P<<0.05) higher in
EAI-5 infected THP-1 cells than those infected with H37Rv,
H37Ra and Beijing strains. However, the infection with Beyjing
genotype induced lower levels of all cytokines mentioned above.
The induction of proinflammatory response by LAM-6 was
comparable with that by H37Rv. Further, there was a significant
correlation among proinflammatory cytokines, (TNF-ot and IL-1,
R?=0.879, P<0.05; TNF-o and IL-6, R? =0.799, P<0.05; IL-1p
and IL-6, R? =0.927, P<<0.05). There was no significant difference
in expression of IL-10 mRNA among the cells infected with
different strains, except for Beijing which induced significantly
lower mRNA for IL-10 compared to other strains (P<<0.05).
However, the protein concentrations of IL-10 in the supernatants
of THP-1 cells, 24 and 48 hours of post-infection, were low with
no significant differences among the strains. The most interesting
observation about Beijing strain was that it induced lesser amount
of both pro and anti-inflammatory cytokines in THP-1 cells in
contrast to their levels in supernatants of cells infected with other
strains.

Apoptosis in Infected Cells

Significant apoptosis was observed after 5 days of infection in
THP-1 cells as seen from flowcytometric data in Fig. 4A. The
extent of apoptosis induced by different strains in THP-1 cells
assessed by Annexin V labeling (Fig. 4B) and apoptosis ELISA
(Fig. 4C), was compared after five and six days of infection. Among
the five strains, H37Ra and EAI-5 induced significantly higher
apoptosis compared to that in uninfected cells and cells infected by
Beijing strain. Further, the apoptotic response to LAM-6 was
similar to that observed for H37Rv. The degradation profile of
pro-apoptotic protein, PARP in uninfected and infected THP-1
cells after 48 hrs of infection is depicted in Figure 4D and also
corroborates the extent of apoptosis.

Correlation between Apoptosis, Pro-inflammatory
Cytokines and Phagocytic Index

A good correlation was observed between levels of all
proinflammatory cytokines and apoptosis induced only by virulent
strains after five and six days of infection. The correlation
coefficients (R%) for TNF-a, IL-1B, IL-6 and IL-12 with percent
apoptosis were 0.906, 0.864, 0.879 and 0.890 respectively
(P<0.05) on 5™ day and 0.830, 0.669, 0.639 and 0.846
respectively (P<<0.05) on 6™ day of infection. When H37Ra was
included for analysis, a significant correlation was not observed.

A positive correlation was observed between phagocytic index
for >10 bacilli/cell’ and the percent apoptosis after five
(R*=0.708, P<0.05) and six (R?=0.608, P<0.05) days of
infection and a negative correlation was seen between phagocytic
index for ‘1-5 bacilli/cell’ and percent apoptosis after five
(R?=0.6, P<0.05) and six (R*=0.606, P<0.05) days of infection,
for all the strains.

Discussion

Pathogenesis in tuberculosis is driven by many components of
the host immune system, pathogen and environment [35]. The
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present study was focused on an integrative approach by
evaluating different parameters of host-pathogen interactions
using well characterized drug resistant MTB clinical isolates of
different genotypes obtained from India.

The higher prevalence of Beijing and EAI spoligotypes which
belong to Lineage 2 and Lineage 1 respectively in Indian
subcontinent was well established earlier [36,37]. In view of this,
drug resistant strains representing ancient (EAI-5) and modern
lineages (Bejjing and LAM-6) were selected amongst the pool of
clinical isolates. The strains from Beijing lineage are the most
studied ones and are known for their drug resistance, hyper-
virulence, relapse and global distribution [38,39,40]. The strains of
LAM lineage are also known for causing cavitary disease [41] and
the acquisition of drug resistance [42]. On the other hand, EAI
belongs to a primitive subset which includes more drug sensitive
strains, is hypothesized to be less virulent and is known for its
higher prevalence in south India.

Innate immune mechanisms are crucial to the outcome of
infection. In the present study, innate responses were compara-
tively evaluated for three M'TB clinical isolates and two laboratory
strains in terms of phagocytosis, intracellular growth, cytokines
released and induction of apoptosis. The percentages of THP-1
cells showing phagocytosis were not significantly different for
laboratory strains and clinical isolates. However, we observed that
infection with avirulent H37Ra resulted in the higher number of
infected cells with more than 10 mycobacteria per cell, compared
to infection with all virulent strains which showed more infected
cells in 1-5 mycobacteria per cell group. This is in agreement with
the report of Rajavelu et al [23]. Other studies have compared the
overall extent of phagocytosis for different MTB strains and have
reported contradictory results. Torrells et al demonstrated that
clinical isolates from Beijing genotype exhibited lesser phagocytosis
due to the presence of truncated mannose-capped lipoarabino-
mannan (ManLam) as compared to laboratory strains [43]
whereas, Sarkar et al have demonstrated less uptake of laboratory
strain H37Rv as compared to that of clinical isolates at the time of
infection [44]. It is now known that virulent strains of MTB are
phagocytosed specifically via mannose receptor whereas phagocy-
tosis of H37Ra is mediated only through complement receptor
[45]. Whether this difference is the major cause for the differential
accumulation of avirulent and virulent MTB in individual
phagocytic cell is not yet clear. However, it is reasonable to
hypothesize that virulent strains once inside the host allow limited
accumulation of bacilli by as yet unknown mechanism which is
beneficial to the pathogen.

Intracellular bacillary growth is considered to be an indicator of
virulence of the M'TB strains. Some of the previous studies have
suggested that virulent strains grew faster intracellularly and their
survival depended on their adaptability inside the host
[23,46,47,48]. Our observation that H37Ra infection of THP-1
cells led to a lower bacillary load on day 5 of infection compared to
that after infection with virulent strains supported these earlier
studies. Avirulent strains fail to sustain inside the host probably
due to intracellular killing by the host and induction of apoptosis.
According to Sohn et al, rapid growth may not essentially
represent higher virulence [49]. It has been suggested that drug
resistance could confer unfit status on MTB strains [50] which
probably was the reason for in vitro slow growth of our clinical
isolates Beijing, LAM and EAI (resistant to 10, 6 and 8 drugs
respectively) compared to that of drug sensitive H37Rv.

Induction of pro-inflammatory cytokine dictates containment of
intracellular pathogen, granuloma formation and determines
virulence, as well as prevalence of the strain [51]. In a recent
study, Portevin et al showed a highly significant correlation
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Figure 3. Cytokine induction in infected THP-1 cells. Real time PCR was carried out to estimate the mRNA expression for TNF-o, IL-1§, IL-12 and
IL-10, 24 hrs after infection of THP-1 cells with M. tuberculosis H37Ra, H37Rv and three clinical isolates at MOI 10. The graph shows (A), relative mRNA
expression levels presented as fold increase over specific mRNA obtained from uninfected THP-1 cells, after normalizing with housekeeping B-actin
mRNA, using 2724 method. Three independent experiments were carried out. Data represent the means =+ SD of a representative experiment. #,
compared to H37Rv and $, compared to Beijing strain. (B) Shows the levels of TNF-a, IL-1B, IL-12, IL-6 and IL-10 as measured by ELISA, in the
supernatant of THP-1 cells infected with different strains of MTB, 24 and 48 hrs after infection. Three such independent experiments were carried out

and data represent the mean = SD of representative experiment. #, compared to H37Rv for respective time points.

doi:10.1371/journal.pone.0062966.g003

between the secretion of IL-6 and IL-12 in MTB infected
macrophages [20]. In our study secretion of TNF-o0 and IL-1B
were also positively correlated with IL-6 in addition to IL-12, after
24 hours of infection. Our observations also suggested that
secretion of proinflammatory cytokines was more likely to be
genotype dependent than related to intracellular growth. This was
evident from the higher proinflammatory cytokine response
elicited by ancestral lineage strain (EAI-5) compared to that by
modern lineages (LAM & Beijing) [20]. It has been reported that
Beijing genotype consistently induced low levels of proinflamma-
tory cytokines, IL-10 and IL-6 as compared to those induced by
H37Rv and other genotypes [16,18,49,52]. The ability of the
strains from Beijing genotype to suppress the proinflammatory
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protective cytokines like TNF-o0 may be a key to their success as
the most virulent genotype [17,40]. In addition, Beijing strains
produce a unique phenolic glycolipid that abolishes the host’s
ability to control the infection [53]. Analogous to these findings,
we have observed significantly lower induction of proinflammatory
cytokine response by our Beijing strain and higher response for
ancient EAI strain. EAI-5, used in the present study was drug
resistant, though majority of EAI strains in our earlier spoligotyp-
ing study were drug sensitive [54]. Further, both LAM-6 and
H37Rv belonging to lineage 4, showed similar proinflammatory
response. Thus, all the clinical isolates showed patterns of immune
response typical for their respective genotypes with no deviations
due to drug resistance.
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Figure 4. The apoptosis of infected THP-1 cells. (A) Flowcytometric profile of Annexin V-FITC labeled THP-1 cells infected with various MTB
strains on 5th day of infection from a representative experiment of the three independent experiments. RN1 indicates the percentage of Annexin-V
positive cells. (B) The bar diagram represents the percentage of infected THP-1 cells stained with AnnexinV after 5 and 6 days of infection. (C)
Apoptosis was also determined using the Cell Death Detection ELISA (Roche Applied Science) after five days of infection. The bar diagram represents
the extent of nucleosome fragmentation in infected THP-1 cells. (D) Expression of degraded PARP and B-Actin was monitored in THP-1 cells after 48 h
of infection with five different MTB strains by Western Blotting. In this representative picture, the lanes were aligned from original picture.
doi:10.1371/journal.pone.0062966.g004
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Infection of human alveolar macrophages by MTB has been
reported to be sufficient to induce classical apoptosis by extrinsic
pathway mediated by TNF-a in an autocrine/paracrine manner
and proinflammatory cytokines directly or indirectly modulated
apoptotic response depending on the degree of virulence of the
strain [55]. In the present study too, we observed a strain specific
apoptotic response that correlated well with proinflammatory
cytokine induction by only the virulent strains. In the only study
reporting the relationship between phagocytosis and apoptosis in
MTRB infected host, phagocytic index for “>20 bacilli/cell’ showed
a positive correlation and that for ‘1-10 bacilli/cell”’ was negatively
correlated with apoptosis [23]. Whereas, in the present study,
apoptosis showed a positive and negative correlation with
phagocytic index for “>10 bacilli/cell’ and 1-5 bacilli/cell’
respectively. It was evident that proinflammatory cytokines and
higher initial accumulation of bacilli inside the host cell were the
two determining factors for host cell apoptosis.

Recently a similar study [44] assessing a lineage specific
response and intracellular growth of MTB strains was published
while our manuscript was under preparation. However, to our
knowledge, ours is the first report in which all the important
parameters like intracellular growth, phagocytic index, induction
of cytokines and apoptosis have been monitored and correlated for
appropriately characterized MTB lineages from India. It is also
unique, as it involved the drug resistant strains from different
lineages and for the first time illustrated that the high and low
inflammatory responses induced by ancient and modern lineages
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