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Abstract

Background: As a species, Mycobacterium tuberculosis is more diverse than previously thought. In particular, the Beijing
family of M. tuberculosis strains is spreading and evoluating throughout the world and this is giving rise to public health
concerns. Genetic diversity within this family has recently been delineated further and a specific genotype, called Bmyc10,
has been shown to represent over 60% of all Beijing clinical isolates in several parts of the world. How the host immune
system senses and responds to various M. tuberculosis strains may profoundly influence clinical outcome and the relative
epidemiological success of the different mycobacterial lineages. We hypothesised that the success of the Bmyc10 group
may, at least in part, rely upon its ability to alter innate immune responses and the secretion of cytokines and chemokines
by host phagocytes.

Methodology/Principal Findings: We infected human macrophages and dendritic cells with a collection of genetically well-
defined M. tuberculosis clinical isolates belonging to various mycobacterial families, including Beijing. We analyzed cytokine
and chemokine secretion on a semi-global level using antibody arrays allowing the detection of sixty-five immunity-related
soluble molecules. Our data indicate that Beijing strains induce significantly less interleukin (IL)-6, tumor necrosis factor
(TNF), IL-10 and GRO-a. than the H37Rv reference strain, a feature that is variously shared by other modern and ancient M.
tuberculosis families and which constitutes a signature of the Beijing family as a whole. However, Beijing strains did not differ
relative to each other in their ability to modulate cytokine secretion.

Conclusions/Significance: Our results confirm and expand upon previous reports showing that M. tuberculosis Beijing
strains in general are poor in vitro cytokine inducers in human phagocytes. The results suggest that the epidemiological
success of the Beijing Bmyc10 is unlikely to rely upon any specific ability of this group of strains to impair anti-mycobacterial
innate immunity.
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Introduction

Mycobacterium tuberculosts is the most frequent cause of tubercu-
losis (IB) in humans. According to the most recent WHO
statistics, this bacterium is responsible for nearly 1.5 million deaths
and 10 million new cases every year worldwide [1]. Improvement
in the understanding of the pathogenesis of M. tuberculosis and its
interaction with its human host will undoubtedly help in the
development of novel drugs and vaccines to control TB. In recent
years, it has become more apparent that M. tuberculosis is a more
diverse species than previously thought [2]. Indeed, lineages of M.
tuberculosis can be identified on the basis of genetic and genomic
differences, including single nucleotide polymorphisms (SNPs) and
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large sequence polymorphisms [3,4,5,6,7,8]. Difterent M. tubercu-
losis lineages are more prevalent in specific geographical regions,
and have been accordingly named Indo-Oceanic, East Asian, East
African-Indian, Euro-American, and West African lineages [2].
They have also been shown to be preferentially associated with
specific human populations, suggesting adaptation to human host
genotypes [7,9,10]. To which extend the immune response is
adapted to these different lineages is starting to be explored. Such
insights may provide significant help for developing novel
Intervention strategies.

The East Asian lineage, which predominantly includes the
“Beijing” family of M. tuberculosis strains, is distributed mainly in east
and southeast Asia, where it may account for 50% of all strains
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isolated in this region [11]. In recent years, Beijing strains have
spread to many other parts of the world, including the US, Western
Europe, and South Africa, and this accounts for over 13% of all M.
tuberculosts strains worldwide [11,12,13]. Both immigrant and non-
immigrant populations are affected and this raises a major public
health concern. Clinical studies have suggested that patients infected
with Beijing strains may be more prone disease progression [14,15],
more likely to have smear-positive sputa [16], have higher risk of
developing extrapulmonary TB [17], and are less likely to be
successfully treated [16,18]. Taken together these observations
suggest that Beijing strains of M. tuberculosts are hypervirulent.
Studies in animal models have confirmed hypervirulence of Beijing
strains as compared to other clinical isolates [11]. Other
mechanisms that could account for the epidemiological success of
Beijing strains include accumulation of drug resistance, adaptation
to human immunity genes and genotypes, and the capacity to elicit
different innate and adaptive immune responses compared with
other M. tuberculosis strains (reviewed in [11]).

Cytokines and chemokines secreted by innate immune cells, such
as macrophages (M) and dendritic cells (DC) play a crucial part in
the host defense against M. tuberculosis [19,20]. Differential induction
of these molecules could contribute to variations in virulence,
granuloma formation, and latency versus immunopathology and
transmission. A number of studies in cells from mice and humans
have concluded that, compared with reference strains, Beijing
strains induce more type | interferon and less inflaimmatory
cytokines, namely tumor necrosis factor (TNF), interleukin (IL)-18,
IL-12p40, IL-6 and IL-10. [21,22,23,24,25,26,27,28,29]. The most
commonly used reference strains in these studies were H37Rv and
CDC1551. The mechanisms underlying the characteristics of
Beijing strains are not fully understood, and may involve the
production of specific lipids [24,30,31].

In the present study, we further explored the innate immune
response to the Beijing family of M. tuberculosis strains. The strains
of this family have recently been clustered into over 20 genotypes/
groups on the basis of SNPs identified in DNA replication,
recombination and repair genes ([8]). One such group (named
Bmycl0) appears to be largely over-represented, and represents
over 60% of all Beijing strains that have been analyzed, regardless
of their geographical origin. Another Beijjing group, Bmyc25,
represents 9% of the Beijing strains analyzed and includes the
Gran Canaria outbreak strain GC1237 [32]. The clear recent
expansion of the BmyclO group, and, to a lesser extend, the
Bmyc25 group, as compared with ancestral Betjing groups (Table
S1), suggests that these subfamilies may be more adapted to their
human hosts. We hypothesized that the BmyclO and possibly
Bmyc25 strains might differ from other ancestral and minor
Beijing subfamilies in their ability to stimulate innate immune cells
and induce M@ and DC cytokine/chemokine secretion. In our
investigations, we used a combination of semi-global protein array-
and ELISA-based assays, as well as an i vitro model of granuloma
formation. Among the 65 cytokines and other immune mediators
that were analyzed, we did not find a single molecule that was
differentially modulated by Bmyc10 or Bmyc25 strains, compared
with other Beijing strains. However, we confirmed that low
production of TNF, IL-6 and IL-10 by infected human Mg and
DC wn vitro is a signature of the Beijing family as a whole. We also
report that Beijing strains consistently induce less GRO-a, as
compared with H37Rv and other M. tuberculosis lineages.

Results and Discussion

Based on the phylogenetic tree of the Beijing family that has
been recently constructed by Mestre et al. [33], a total of nine
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representative strains were selected from the different subfamilies.
These included two strains from the over-represented modern
groups Bmycl0 and Bmyc25, two strains from the ancestral group
Bmyc4, and three strains from three minor groups, namely
Bmyc3, Bmyc9 and Bmyc13 (Table S1). Human monocytes were
collected from healthy blood donors and differentiated into M¢ in
the presence of monocyte-colony stimulating factor (M-CSF). M
were infected with the different strains at a multiplicity of infection
(MOI) of 5 bacteria per cell. At 4 h and 18 h following infection,
the culture medium was collected and analyzed for cytokine/
chemokine content using dedicated antibody arrays, which could
assay a total of 65 cytokines, chemokines, growth factors and other
soluble immune mediators. The signals were captured with X-ray
films (Figure 1A), and quantified by densitometry (Figure 1B-F).
Thirty-four molecules were detected at varying levels in the
supernatants of infected cells at 4 h and 18 h post-infection
(Table 1& Table S2). Production of IL-6, IL-10 and GRO-a by
Mg at 18 h after infection was significantly less for Beijing strains
than for H37Rv (Figure 1C-E). The production of other
molecules, such as monocyte chemotactic protein (MCP)-1
(Figure 1F) did not differ between H37Rv and Beijing strains,
indicating that cells had been infected at comparable MOI. We
also confirmed that, as previously reported, Beijing strains induce
less TNF than H37Rv in M@ after 18 h infection (Figure 1B),
although this was barely visible in the protein arrays (Figure 1A).
All these results were confirmed by ELISA in two subsequent
independent experiments (Figure 2). These findings suggest that, as
previously reported, Beijing strains induce less TNF, IL-6 and IL-
10 wn vitro in M@ than H37Rv. In addition we found that Beijing
strains also induce less GRO-a than the reference strain, and this
has not been previously reported. No differences were observed
among the Beijing strains, except minor variations, notably GRO-
o, production (Figure 1E), which were not confirmed by ELISA
quantification.

Human monocyte-derived DC generated in the presence of
granulocyte/monocyte colony-stimulating factor (GM-CSF) and
IL-4 were used in similar experiments. The complete set of data is
shown in Table S3. The results for DC were similar with lower
production of TNF and IL-6 following infection with Beijing
strains compared to H37Rv (Table S3 & Figure S1). GRO-o was
not detected in the supernatant of infected DC but slight
differences between H37Rv- and Beijing-infected cell supernatants
were observed for the “GRO” spot on the membranes, which
suggest that cells may differentially secrete either GRO-/MIP-
20/CXCL2 or GRO-y/MIP-28/CXCL3 or both. In addition,
MIP-1a secretion was diminished in DC infected with the Beijing
strains as compared to with H37Rv (Table S3), which was
confirmed by ELISA (Figure S1). No differences in IL-10
production were observed (data not shown).

These results confirm and expand upon previous studies, and
show that the Beijing strains of M. tuberculosis are weak cytokine
producers compared to the H37Rv reference strain, at least
regarding TNF, IL-6, IL-10 and GRO-o.

We next assessed whether such a signature was specific to the
Beijing family or was common to other M. tuberculosis lineages. The
Euro-American lineage, to which H37Rv belongs, and the East-
Asian lineage (Beijing) are both considered as “modern” M.
tuberculosis lineages, lacking in particular the ThD1 genomic region
[7,34]. We wanted to extend our investigations to other “modern”
M. tuberculosis families (Haarlem and LAM families) and to an
“ancient” family (the EAI family, belonging to the Indo-Oceanic
lineage). We infected human M@ with 16 strains from these
families (Table S1), in addition to H37Rv and Beijing strains, and
compared the cytokine/chemokine production profiles. As shown
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Figure 1. Semi-global protein analysis reveals differences in the cytokine/chemokine profile of M¢ infected with either M.
tuberculosis H37Rv or the Beijing strains. Human Mo were infected with either M. tuberculosis H37Rv or representive Beijing strains for 18 h and
the cell culture supernatants were analyzed for cytokine/chemokine content using Human Cytokine Antibody Array 3. The detection signals were
captured with X-ray films. A) Representative membrane scanning analysis of supernatants from cells infected with H37Rv (left panel) and the W4
(Beijing, Bmyc10 group, right panel) strains. +, positive control spots; —, negative control spots; 1, TNF spots; 2, IL-6 spots; 3, IL-10 spots; 4, GRO-o
spots. B-E) The signals on the membranes were quantified by densitometry. Results obtained for TNF (B), IL-6 (C), IL-10 (D), GRO-o. (E) and MCP-1 (F)
are shown and data represent means=s.d. of relative signal intensity of the duplicate spots. Data were analyzed using the Student’s t-test. *, P<0.05;
**, P<0.01; ***, P<<0.001. The complete list of cytokine/chemokines subjected to detection by the array is presented in Table S2.

doi:10.1371/journal.pone.0013594.g001

Table 1. Cytokines, chemokines and growth factors secreted
by H37Rv- and W4 (Beijing Bmyc10)-infected human
monocyte-derived macrophages’.

Infection time

4h 18 h
Strain Strain

Cytokine H37Rv w4 H37Rv w4
IL-2 ND ND +/— +/—
IL-3 H= +— +— +—
IL-6 +/— +/— + + =
IL-7 +/— + = +/—= + =
IL-8 ++ ++ + ++
IL-10 +/ = +/— + +
TNF-o + + +/— ND
1-309/CCL1 ND ND +/— + =
MCP-1/CCL2 + ++ ++
MIP-1 o/CCL3 + + F +
MIP-1 B/CCL4 ++ ++ ++ ++
RANTES/CCL5 +/— +/— a4 4F
MCP-3/CCL7 ND ND +/— +/—
MCP-2/CCL8 ND ND +/— +/—=
MIP-1 §/CCL15 ND ND +/—= +/ =
MIP-3 a/CCL20 ND ND +/—= +/ =
MDC/CCL22 +/— +/— +/— +/—
Eotaxin-2/CCL24 ND ND H= =
Eotaxin-3/CCL26 +/— +/— +/— +/—
GRO ++ ++ + ++
GRO-o/CXCL1 +/— +/— + +
ENA-78/CXCL5 ND ND +/— +/—
GCP-2/CXCL6 +/— +/— +/— +/—
NAP-2/CXCL7 +/ = +/— +/— +/—
IP-10/CXCL10 +/—= +/— +/— +/—
I-TAC/CXCL11 H= H= H= =
CXCL16 ND ND +/— +/—
Fractalkine/CX3CL1 W= = W= =
Lymphotactin/XCL1 ND ND +/— +/—
SCF/KITLG ND ND +/— +/—
MCSF/CSF-1 +/— +/— +/— +/—
GM-CSF/CSF-2 +/— +/ = +/ = +/—
EGF +/— +/— +/— +/—
Oncostatin M ND ND +/— +/—

@ PLoS ONE | www.plosone.org

'Symbols indicate relative signal intensity (RSI) in the membrane array. +/—,
weak production; 0.01<RSI<0.1; +, 0.1<RSI<0.5; ++, strong production,
RSI>0.5; ND, not detected (RSI<0.01).

doi:10.1371/journal.pone.0013594.t001

in Figure 3, we found a clear heterogeneity among the non-Beijing
strains with respect to cytokine/chemokine secretion. The
Haarlem and most of the LAM strains induced similar cytokine
levels to H37Rv, consistent with these strains belonging to the
Euro-American lineage. However two of the LAM strains induced
cytokine levels that were closer to those observed with the Beijing
strains. A strong heterogeneity was also observed in the ancient
EAI strains, with some strains inducing H37Rv-like profiles of
cytokine secretion, and other inducing Beijing-like profiles
(Figure 3). As a whole, about two thirds of the non-Beijing strains
induced higher cytokine/chemokine levels than the Beijing
strains, while the others induced comparable cytokine/chemokine
levels. Thus, among the different lineages of M. tuberculosis, the
Beijing strains are homogeneous low-cytokine/chemokine
inducers.

Finally, because some of the differentially induced immune
mediators, such as TNF, are involved in granuloma formation, we
assessed whether differential cytokine secretion correlates with in
vitro granuloma formation. Following a previously described
procedure [35], we infected total peripheral blood mononuclear
cells (PBMC) with different Beijing and non-Beijing strains at a
MOI of 1 bacterium/2,000 cells, and monitored granuloma
formation (Figure 4A) over time. The number (Figure 4B) and size
(Figure 4C) of granulomas induced by the different strains was
found to be similar.

Taken together, our results show that following infection of
human M¢ and DC, the Beijing group Bmycl0 is similar to the
Bmyc4 ancestral group and the other minor groups in terms of
cytokine/chemokine production and i vitro granuloma formation,
at least at the early time-points examined here; we cannot exclude
that longer infection times may have revealed differences in
production of other specific cytokines (e.g. 1L-12). The Bmycl0
subfamily represents over 60% of the Beijing clinical isolates in
several parts of the world. This suggests that this subfamily may
have an evolutionary advantage compared with the other Beijing
groups. Our data indicate that this advantage does not depend
upon a differential ability of Bmyc10 strains to impair production
of cytokines and other immune mediators in innate immune cells
as opposed to other Beijing groups. However, we cannot conclude
that the i vivo immune response to Bmycl0 strains is the same as
that to other Beijing. This indicates the need for further
investigations using animal models of TB. Another possibility is
that specific mutations in DNA replication, recombination and
repair genes, such as the Bmyc10-specific Gly**ITArg mutation in
the mutT2 gene, have conferred a selective advantage to these
strains by leading to transient mutator phenotypes resulting in
strain evolution [33].

We also report that Beijing strains, regardless of subfamily,
commonly induce lower levels of TNF, IL-6, IL-10 and GRO-a
compared with H37Rv strain. Experiments including additional
strains outside the Beijing family showed that the low cytokine-
production is a uniform signature of this family. These results were
found in human monocyte-derived M¢ and DC, and confirm and
expand upon previous reports that used other i vitro and ex vivo cell
model systems not including monocyte-derived M¢ and DC

October 2010 | Volume 5 | Issue 10 | e13594
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Figure 2. ELISA confirmation of differences in IL-6, IL-10, GRO-0, and TNF secreted by M¢ upon infection with either M. tuberculosis
H37Rv or Beijing strains. Human M¢ were infected with M. tuberculosis H37Rv or representive Beijing strains for 18 h and the cell culture
supernatants were analyzed for cytokine/chemokine content using dedicated ELISA kits. Data represent the means=s.d. of TNF (A), IL-6 (B), IL-10 (C),
GRO-a (D), and MCP-1 (E) concentration in four samples (n =4) from one representative donor out of four independent donors. Data were analyzed

using the Student’s t-test. *, P<<0.05; **, P<<0.01; ***, P<<0.001.
doi:10.1371/journal.pone.0013594.g002

[23,24,25,26,27,28,29]. The mechanisms responsible for low
cytokine production by Beijing strains remain to be identified;
we can anticipate that it is unlikely to rely solely on the production
of phenolic glycolipid (PGL) because we could not establish a

@ PLoS ONE | www.plosone.org

direct relationship between PGL production (e.g. in the W4 strain
[30]) or absence of PGL (e.g. in the N4 and NHND5 strains [30]),
and a differential ability of these strains to impair cytokine

production.
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Figure 3. Cytokine secretion profiles of Mg infected with various major M. tuberculosis lineages. Human M were infected with either M.
tuberculosis H37Rv or representive strains from the Beijing, Haarlem, LAM and EAI families for 18 h and the cell culture supernatants were analyzed for
cytokine/chemokine content using dedicated ELISA kits. Data represent the means=s.d. of IL-6 (A), IL-10 (B), GRO-a. (C), and TNF (D) concentration in
four samples (n=4) from one representative donor out of two independent donors.

doi:10.1371/journal.pone.0013594.g003

The inflammatory response of M@ to M. tuberculosis promotes
local inflammation and innate control of bacterial infection by
Mg, neutrophils and natural killer cells [36,37]. It also promotes
migration of antigen-specific T cells from the draining lymph node
to the site of M. tuberculosis infection where they exert adaptive
control of M. tuberculosis through granuloma formation [38]. Of the
4 cytokines and chemokines that were induced at lower levels by
the Beyjing-infected M, TNF, IL-6 and GRO-a are proinflam-
matory [36], while IL-10 could play a regulatory role in preventing
immunophothology [36,39]. Lower induction of these cytokines by
the Beijing strains may therefore lead to either a higher local
inflammation or to a weaker innate and adaptive control of
mycobacteria resulting in a hypervirulent M. tuberculosis phenotype.
Further exploration, including  vivo investigations, is required to
determine the net effect of these multiple modulations in cytokine
secretion. The finding that GRO-0/CXCL1 and MIP-1a/CCL3
secretion is impaired in Beijing-infected cells is novel. These
chemokines are chemotactic for granulocytes, including neutro-
phils. Our results suggest that neutrophil recruitment may be
impaired or delayed in the lungs of Beijing-infected hosts, which
should also be further examined i vivo.

Materials and Methods

Mycobacteria strains and culture medium

The strains of M. tuberculosis that were used in this study are
listed in Table S1. Bacilli were cultured in Middlebrook 7H9 broth
(BD-Diagnostic Systems) supplemented with 10% Middlebrook
ADC enrichment medium (BD-Diagnostic Systems) and 0.05%
Tween-80 (Sigma-Aldrich). The H37Rv strain used here was
obtained from S. Cole (Institut Pasteur, Paris) and was the one

@ PLoS ONE | www.plosone.org

used in the initial M. tuberculosis genome-sequencing project. After
a limited number of i vitro expansion passages, bacteria have been
aliquoted and frozen. Aliquots were thawed and cultured 24 h
before infection, in order to minimize loss of virulence.

Preparation of monocyte derived macrophages and

dendritic cells, and cell infection

Monocytes were obtained from healthy blood donors (Etablisse-
ment Frangais du Sang, EFS, Toulouse). Written informed
consents were obtained from the donors under EFS contract
n°21/PVNT/TOU/IPBS01/2009-0052.  Following  articles
L1243-4 and R1243-61 of the French Public Health Code, the
contract was approved by the French Ministry of Science and
Technology (agreement n°AC 2009-921).

Monocytes were differentiated into M¢ or DC following a
previously published procedure [40]. Briefly, mononuclear cells
were isolated from blood using Ficoll-Paque Plus (GE Healthcare).
Monocytes were then purified using CDI14 microbeads and
MACS separation columns (Miltenyi Biotec). Monocytes were
resuspended in RPMI-1640 medium (Invitrogen) and allowed to
attach to 12-well polystyrene plates (Corning) for one hour at 37°C
(700,000 cells/well). After washing with PBS, monocytes were
cultured in RPMI-1640 medium supplemented with 10% heat-
activated human serum (Sigma-Aldrich), 1% penicillin-streptomy-
cin (Invitrogen), and 20 ng/ml M-CSF (Miltenyi Biotec) at 37°C
under a 5% COgy humidified atmosphere. On day 3, the culture
was fed with complete medium containing a full dose of M-CSF.
On day 5, the culture medium was changed to macrophage
serum-free medium (Invitrogen) supplemented with 20 ng/ml M-
CSF. On day 6, the monocyte-derived M@ were ready for
infection. DC were differentiated following a similar procedure
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Figure 4. In vitro granuloma formation upon PBMC infection
with various major M. tuberculosis lineages. Human whole PBMC
were infected with either M. tuberculosis H37Rv or representive strains
from the Beijing, Haarlem, LAM and EAIl families for 4 or 10 days and
monitored for granuloma formation as observed under the light
microscope. A) Typical granulomas observed 10 days after infection; the
white arrow indicates a granuloma shown at higher magnification in
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the inset. B) Data represent the means=*s.d. number of granuloma at 4
and 10 days, scored in two independent observation fields. C) Data
represent the means*s.d. granuloma size 10 days after infection;
between 38 and 55 granulomas were recorded in two independent
observation fields. Data were analyzed using the Student’s t-test; no
significant differences were observed among the different conditions.
doi:10.1371/journal.pone.0013594.g004

where M-CSF was replaced by GM-CSF (10 ng/ml) and IL-4
(20 ng/ml).

Exponentially growing mycobacteria were centrifuged and
resuspended in macrophage serum-free medium. Clumps were
disassociated by 20 passages through a 26-G needle. An ODgqg
value between 0.2 and 1 was measured in a dilution of the
bacterial suspension. The bacterial density in the suspension was
estimated using the equation: bacteria/ml= ODgox10°xdilution.
Infection of the cells was performed at a multiplicity of infection
(MOI]) of 5 bacteria/cell by changing the cell culture medium to a
mycobacteria suspension in 1 ml macrophage serum-free medium.
After 4 hours of incubation at 37°C, the culture medium was
collected and sterilized by filtration. The cells were fed with fresh
serum-free medium and cultured for an additional 14 h. The
culture medium was again collected and sterilized. For m wvitro
granuloma formation, total PBMC were infected with the A
tuberculosis strains at a MOI of 1 bacteria/2,000 cells and were
observed at different times after infection using a light microscope,
as previously described [35].

Semi-quantitative cytokine/chemokine antibody array
assay and quantitative ELISA

Cytokines, chemokines and other growth factors and immune
mediators present in the cell culture supernatants were assayed
using Human Cytokine Antibody Array 3 and Human Chemokine
Antibody Array 1 (RayBiotech). The individual signals were
detected on Amersham Hyperfilm ECL (GE Healthcare) and were
quantified using a GS-800 calibrated densitometer (Bio-Rad). The
positive control signal on each array was used for normalization,
according to the manufacturer’s instructions.

ELISA kits were purchased from BD Biosciences (TNF, IL-6,
IL-10, MCP-1) and R&D Systems (MIP-1a, GRO-o), and were
used for cytokine/chemokine quantification according to the
manufacturer’s recommendations.

Supporting Information

Figure S1 ELISA confirmation of differences in TNF, IL-6, and
MIP-1a secreted by DC upon infection with either M. tuberculosis
H37Rv or Beijing strains. Human DC were infected with M.
tuberculosis H37Rv or representive Beijing strains for 18 h and the
cell culture supernatants were analyzed for cytokine/chemokine
content using dedicated ELISA kits. Data represent the
means*s.d. of TNF (A), IL-6 (B), and MIP-1a (C) concentration
in four samples (n=4) from one representative donor out of two
independent donors. Data were analyzed using the Student t-test.
** P<0.01; *** P<0.001.

Found at: doi:10.1371/journal.pone.0013594.s001 (1.46 MB TTF)

Table S1 M. tuberculosis strains used in the study.
Found at: doi:10.1371/journal.pone.0013594.s002 (0.05 MB
DOC)

Table 82 Cytokines, chemokines and growth factors secreted by
H37Rv- and W4 (Beijing Bmycl0)-infected human monocyte-
derived macrophages.

Found at: doi:10.1371/journal.pone.0013594.s003 (0.13 MB
DOC)
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Table 83 Cytokines, chemokines and growth factors secreted by
H37Rv- and W4 (Beijing Bmycl0)-infected human monocyte-
derived dendritic cells.

Found at: doi:10.1371/journal.pone.0013594.s004 (0.13 MB
DOC)

Acknowledgments

We thank Y. Poquet, D. Hudrisier, G. Lugo and A. Tanne for critical
reading of the manuscript and helpful suggestions. We thank C. Martin, L.

References

1.

2.

20.

21.

WHO (2009) Global tuberculosis control 2009: epidemiology, strategy,
financing.
Gagneux S, Small PM (2007) Global phylogeography of Mycobacterium tuberculosis
and implications for tuberculosis product development. Lancet Infect Dis 7:
328-337.

. Mostowy S, Cousins D, Brinkman J, Aranaz A, Behr MA (2002) Genomic

deletions suggest a phylogeny for the Mycobacterium tuberculosis complex. J Infect
Dis 186: 74-80.

. Tsolaki AG, Gagneux S, Pym AS, Goguet de la Salmoniere YO, Kreiswirth BN,

et al. (2005) Genomic deletions classify the Beijing/W strains as a distinct genetic
lineage of Mycobacterium tuberculosis. ] Clin Microbiol 43: 3185-3191.

. Tsolaki AG, Hirsh AE, DeRiemer K, Enciso JA, Wong MZ, et al. (2004)

Functional and evolutionary genomics of Mycobacterium tuberculosis: insights from
genomic deletions in 100 strains. Proc Natl Acad Sci U S A 101: 4865-4870.

. Filliol I, Motiwala AS, Cavatore M, Qi W, Hazbon MH, et al. (2006) Global

phylogeny of Mycobacterium tuberculosis based on single nucleotide polymorphism
(SNP) analysis: insights into tuberculosis evolution, phylogenetic accuracy of
other DNA fingerprinting systems, and recommendations for a minimal
standard SNP set. J Bacteriol 188: 759-772.

. Gagneux S, DeRiemer K, Van T, Kato-Maeda M, de Jong BC, et al. (2006)

Variable host-pathogen compatibility in Mycobacterium tuberculosis. Proc Natl Acad
Sci U S A 103: 2869-2873.

. Dos Vultos T, Mestre O, Rauzier J, Golec M, Rastogi N, et al. (2008) Evolution

and diversity of clonal bacteria: the paradigm of Mycobacterium tuberculosis. PLoS
One 3: ¢1538.

. Caws M, Thwaites G, Dunstan S, Hawn TR, Lan NT, et al. (2008) The

influence of host and bacterial genotype on the development of disseminated
disease with Mycobacterium tuberculosis. PLoS Pathog 4: ¢1000034.

. van Crevel R, Parwati I, Sahiratmadja E, Marzuki S, Ottenhoff TH, et al. (2009)

Infection with Mycobacterium tuberculosis Beijing genotype strains is associated with
polymorphisms in SLC11A1/NRAMPI in Indonesian patients with tuberculo-
sis. J Infect Dis 200: 1671-1674.

. Parwati I, van Crevel R, van Soolingen D (2010) Possible underlying

mechanisms for successful emergence of the Mycobacterium tuberculosis Beijing
genotype strains. Lancet Infect Dis 10: 103-111.

. Anonymous (2006) Beijing/W genotype Mpycobacterium tuberculosis and drug

resistance. Emerg Infect Dis 12: 736-743.

. Bifani PJ, Mathema B, Kurepina NE, Kreiswirth BN (2002) Global

dissemination of the Mycobacterium tuberculosis W-Beijing family strains. Trends
Microbiol 10: 45-52.

. Thwaites G, Caws M, Chau TT, D’Sa A, Lan NT, et al. (2008) Relationship

between Mycobacterium tuberculosis genotype and the clinical phenotype of
pulmonary and meningeal tuberculosis. J Clin Microbiol 46: 1363-1368.

. de Jong BC, Hill PC, Aiken A, Awine T, Antonio M, et al. (2008) Progression to

active tuberculosis, but not transmission, varies by Mycobacterium tuberculosis

lineage in The Gambia. J Infect Dis 198: 1037-1043.

. van der Spuy GD, Kremer K, Ndabambi SL, Beyers N, Dunbar R, et al. (2009)

Changing Mycobacterium tuberculosis population highlights clade-specific patho-
genic characteristics. Tuberculosis (Edinb) 89: 120-125.

. Kong Y, Cave MD, Zhang L, Foxman B, Marrs CF, et al. (2007) Association

between Mycobacterium tuberculosis Beijing/W lineage strain infection and
extrathoracic tuberculosis: Insights from epidemiologic and clinical character-
ization of the three principal genetic groups of M. tuberculosis clinical isolates.

J Clin Microbiol 45: 409-414.

. Parwati I, Alisjahbana B, Apriani L, Soetikno RD, Ottenhoff TH, et al. (2010)

Mycobacterum tuberculosis Beijing genotype is an independent risk factor for
tuberculosis treatment failure in Indonesia. J Infect Dis 201: 553-557.

. Russell DG (2007) Who puts the tubercle in tuberculosis? Nat Rev Microbiol 5:

39-47.

Cooper AM, Khader SA (2008) The role of cytokines in the initiation,
expansion, and control of cellular immunity to tuberculosis. Immunol Rev 226:
191-204.

Manca C, Tsenova L, Bergtold A, Freeman S, Tovey M, et al. (2001) Virulence
of a Mycobacterium tuberculosis clinical isolate in mice is determined by failure to

@ PLoS ONE | www.plosone.org

Immunity to M. tuberculosis

Frangeul, R. Ruimy, C. Pierre-Audigier, J. Rauzier and V. Cadet-Daniel
for providing some of the strains that were used in the study, and for help
with genotyping.

Author Contributions

Conceived and designed the experiments: CW PP OM BG ON. Performed
the experiments: CW PP OM. Analyzed the data: CW PP OM GK BG
ON. Contributed reagents/materials/analysis tools: OM GK DvS QG
BG. Wrote the paper: CW ON.

22.

23.

24.

27.

28.

29.

30.

31.

32.

33.

34.

36.

37.

38.

39.

40.

induce Thl type immunity and is associated with induction of IFN-alpha /beta.
Proc Natl Acad Sci U S A 98: 5752-5757.

Manca C, Tsenova L, Freeman S, Barczak AK, Tovey M, et al. (2005)
Hypervirulent M. tuberculosis W/Beijing strains upregulate type I IFNs and
increase expression of negative regulators of the Jak-Stat pathway. J Interferon
Cytokine Res 25: 694-701.

Lopez B, Aguilar D, Orozco H, Burger M, Espitia C, et al. (2003) A marked
difference in pathogenesis and immune response induced by different
Mycobacterium tuberculosis genotypes. Clin Exp Immunol 133: 30-37.

Reed MB, Domenech P, Manca C, Su H, Barczak AK, et al. (2004) A glycolipid
of hypervirulent tuberculosis strains that inhibits the innate immune response.

Nature 431: 84-87.

. Chacon-Salinas R, Serafin-Lopez J, Ramos-Payan R, Mendez-Aragon P,

Hernandez-Pando R, et al. (2005) Differential pattern of cytokine expression
by macrophages infected in vitro with different Mycobacterium tuberculosis
genotypes. Clin Exp Immunol 140: 443-449.

. Huet G, Constant P, Malaga W, Laneelle MA, Kremer K, et al. (2009) A lipid

profile typifies the Beijing strains of Mycobacterium tuberculosis: identification of a
mutation responsible for a modification of the structures of phthiocerol
dimycocerosates and phenolic glycolipids. J Biol Chem 284: 27101-27113.
Sohn H, Lee KS, Kim SY, Shin DM, Shin S]J, et al. (2009) Induction of cell
death in human macrophages by a highly virulent Korean Isolate of
Mycobacterium tuberculosis and the virulent strain H37Rv. Scand J Immunol 69:
43-50.

Tanveer M, Hasan Z, Kanji A, Hussain R, Hasan R (2009) Reduced TNF-alpha
and IFN-gamma responses to Central Asian strain 1 and Beijing isolates of
Mycobacterium tuberculosis in comparison with H37Rv strain. Trans R Soc Trop
Med Hyg 103: 581-587.

Manca C, Reed MB, Freeman S, Mathema B, Kreiswirth B, et al. (2004)
Differential monocyte activation underlies strain-specific Mycobacterium tuberculosis
pathogenesis. Infect Immun 72: 5511-5514.

Sinsimer D, Huet G, Manca C, Tsenova L, Koo MS, et al. (2008) The phenolic
glycolipid of Mycobacterium tuberculosis differentially modulates the early host
cytokine response but does not in itself confer hypervirulence. Infect Immun 76:
3027-3036.

Tsenova L, Ellison E, Harbacheuski R, Moreira AL, Kurepina N, et al. (2005)
Virulence of selected Mycobacterium tuberculosis clinical isolates in the rabbit model
of meningitis is dependent on phenolic glycolipid produced by the bacilli. J Infect
Dis 192: 98-106.

Caminero JA, Pena MJ, Campos-Herrero MI, Rodriguez JC, Garcia I, et al.
(2001) Epidemiological evidence of the spread of a Mycobacterium tuberculosis strain
of the Beijing genotype on Gran Canaria Island. Am J Respir Crit Care Med
164: 1165-1170.

Mestre O, Luo T, Dos Vultos T, Kremer K, Jackson C, et al. Phylogeny of
Mycobacterium tuberculosis Beijing/W strains constructed from polymorphisms in
genes involved in DNA replication, recombination and repair. Submitted.
Brosch R, Gordon SV, Marmiesse M, Brodin P, Buchrieser C, et al. (2002) A
new evolutionary scenario for the Mycobacterium tuberculosis complex. Proc Natl

Acad Sci U S A 99: 3684-3689.

. Puissegur MP, Botanch C, Duteyrat JL, Delsol G, Caratero C, et al. (2004) An in

vitro dual model of mycobacterial granulomas to investigate the molecular
interactions between mycobacteria and human host cells. Cell Microbiol 6:
423-433.

van Crevel R, Ottenhoff TH, van der Meer JW (2002) Innate immunity to
Mycobacterium tuberculosis. Clin Microbiol Rev 15: 294-309.

Korbel DS, Schneider BE, Schaible UE (2008) Innate immunity in tuberculosis:
myths and truth. Microbes Infect 10: 995-1004.

Cooper AM (2009) Cell-mediated immune responses in tuberculosis. Annu Rev
Immunol 27: 393-422.

Moore KW, de Waal Malefyt R, Coffman RL, O’Garra A (2001) Interleukin-10
and the interleukin-10 receptor. Annu Rev Immunol 19: 683-765.

Tailleux L, Neyrolles O, Honore-Bouakline S, Perret E, Sanchez F, et al. (2003)
Constrained intracellular survival of Mycobacterium tuberculosis in human dendritic
cells. J Immunol 170: 1939-1948.

October 2010 | Volume 5 | Issue 10 | e13594




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


