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Polymorphonuclear neutrophils comprise two-thirds of peripheral blood leukocytes and are key com-
ponents of innate immunity as a first line of defense against bacterial and fungal pathogens. Their
microbicidal mechanisms are essential for bacterial killing, the enhancement of inflammatory reactions
and also comprise signaling molecules which have been implicated in signal transduction cascades. In
tuberculosis, the number of neutrophils increases in the affected lung. In addition, they become activated
and apoptotic due the bacterial burden. As apoptosis is promoted by reactive oxygen species (ROS)
during phagocytosis, the advantages and benefits to the host as well as the strategies displayed by the

pathogen to avoid or retard apoptosis are discussed in this review.

© 2015 Elsevier Ltd. All rights reserved.

1. Neutrophils and apoptosis

The influx of neutrophils to the lung is one of the first events in
the pathogenesis of tuberculosis [1] playing a main role in the acute
phase of the disease [2]. Neutrophils display microbicidal mecha-
nisms that include the release of proteolytic enzymes, antimicro-
bial peptides, and the rapid production of ROS [3]. Since the
excessive neutrophil activation might cause severe tissue damage
and inflammatory diseases [4], certain mechanisms have been
evolved in order to resolve inflammation. Programmed cell death in
neutrophils, or apoptosis, constrains the release of inflammatory
mediators and toxic granule constituents [5] through the recogni-
tion and phagocytosis of the bacilli by macrophages, a process that
is essential to resolve inflammation [6]. In addition, it has recently
been reported a new-ROS dependent cell death mechanism, which
leads to neutrophil extracellular traps (NETs) and induces NET-
mediated killing [7].

2. Neutrophil apoptosis and tuberculosis

As the disease evolves, the number of neutrophils increases in
the bronchoalveolar lavage fluid of the affected lung [8]. Although
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this mobilization is important for microbicidal function, the
powerful mediators such as oxidants and elastase which help
neutrophils to be effective killers, can also injure endothelial cells
and produce structural damage [9]. In line with this, it has been
demonstrated that neutrophils from patients with active tubercu-
losis display an increased spontaneous apoptosis in vitro [10,11]
which is related to the activation state of these cells in blood-
stream [12]. Pathogen-induced cell death often involves the mod-
ulation of apoptosis and, accordingly, the activation of neutrophils
induced by Mycobacterium tuberculosis (Mtb) accelerates neutro-
phil apoptosis in vitro [12—14].

Cytokines and cytokine-producing cells are present in pleural
effusions from people with malignant and infectious diseases [15].
Patients with tuberculous pleuritis have elevated amounts of tumor
necrosis factor (TNF)-a [16,17], transforming growth factor-§8
[17,18], interferon-y [11,16,19], interleukin (IL)-8 [20], IL-6 [21], IL-
18 [19], and IL-10 [17], which may modulate the lifetime of neu-
trophils. In this context it has been described that, after extrava-
sation at the infected lung, the expression of those receptors
associated with activation/apoptotis (CD11b, CD64, TNF-R55, and
FasL) is up-regulated in neutrophils [22]. Therefore, the cytokine
milieu in the pleural space appears to influence the signaling
pathways on activated neutrophils, leading to apoptosis and
inhibiting proinflammatory capacity.

A large body of evidence has now indicated that neutrophils
participate as a bridge between innate and adaptive immune
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responses, for example by acquiring DC markers [22,23], or by
leading to specific T lymphocyte responses by crosspresentation
[24]. In this regard, phagocytosis of apoptotic bodies promotes a
more efficient fusion of the phagosome with the lysosome which
results in the digestion of the pathogen and promoting antigen
presentation to T cells [25]. Therefore, we can consider the in-
flammatory milieu as a place subjected to a delicate balance be-
tween the infected and uninfected neutrophils, limiting
inflammation and/or the generation of specific immune activity.

3. Neutrophils and Toll-like receptors

The ability to discriminate between self and non-self is a pro-
cess in which pattern-recognition receptors such as the Toll like
receptors (TLRs) respond to evolutionary conserved non-self pro-
teins [26]. TLRs are members of the IL-1R superfamily whose
signaling pathways involve mitogen-activated protein kinase
(MAPK) cascades, including c-Jun N-terminal kinase, p38, and
extracellular signal-regulated kinases (ERK) MAPK. NF-kB is a
heterodimer composed of p50 and p65 subunits which, in resting
cells, remains in the cytoplasm because of its interaction with
inhibitory kB (IkB) proteins. However, the phosphorylation events
which follow TLR stimulation, lead to polyubiquitination and
degradation of IkB, allowing nuclear translocation of NF-kB sub-
units to bind DNA and to trigger transcription of pro-inflammatory
cytokine genes [27]. Moreover, the response of neutrophils to
cytokines [28] and their activation [29] also involves p38 and ERK
MAPK pathway. Human neutrophils express an array of TLRs like
TLRs 1, 2,4, 5,6, 7, 8,9, and 10 [30] involved in interleukin-8 (IL-8)
secretion, an essential event in neutrophil migration to the lung
[31].

4. Mtb and TLR signaling in neutrophils

Recognition of mycobacterial components by TLRs is a key
step in initiating innate immune responses upon mycobacterial
infection. In particular, TLR2 appears to be critical for sensing
mycobacteria inducing a crucial proinflammatory signal, TNF-a,
[32].

Signaling pathways triggered by TLRs have been previously
implicated in the regulation of neutrophil lifespan [33,34]
involving tyrosine phosphorylation events [35]. In fact, it has
been shown that Mtb activates p38 MAPK in neutrophils in vitro
via the TLRs pathway inducing its activation and apoptosis [ 14,36].
These findings are coherent with high expression of the activated
form of this kinase in peripheral blood as well as in pleural effu-
sion neutrophils from tuberculosis patients [22]. Pathogens un-
able to bind directly to TLRs likely activate signaling complexes via
lipid raft reorganization involving numerous cell surface proteins
[37]. In this context, a variety of pathogens interact with lipid rafts
which are involved in the attachment, cell entry, and intracellular
survival of several microorganisms such as Brucella suis [38],
Chlamydia trachomatis [39], and Mycobacterium bovis [40]. In
addition, membrane lipid rafts are signaling platforms enriched in
cholesterol that are required for innate immune responses [41]
mediating the efficiency of oxidase coupling to receptors in the
neutrophil membrane. On the other hand, TLR2 cooperates with
other receptors in lipid rafts on macrophages and DC membrane,
for the production of inflammatory cytokines in response to
fungal wall-derived B-glucans [42]. Furthermore, it has also been
reported that TLR2/dectin-1 cooperation induces ROS production,
together with the rapid and sustained phosphorylation of p38 and
Syk in monocytes [43,44], and neutrophils [45,46] in response to
mycobacteria.

5. Neutrophils and reactive oxygen species

Phagocytes produce ROS through activation of nicotinamide
adenine dinucleotide phosphate reduced (NADPH) oxidase that is
assembled at the plasma membrane. Although the ability of ROS to
kill Mtb has been demonstrated only in mice [47], the increase in
superoxide and hydrogen peroxide could affect important signaling
enzymes necessary for physiologic cell signaling. For instance, ROS
participate in TLR2 signaling pathways together with a sustained
phosphorylation of p38 suggesting an essential role of ROS in TLR2
signaling pathways [48]. In addition, neutrophil apoptosis is
dependent on the generation of ROS during the phagocytosis of Mtb
[13,14] involving the activation of p38. Therefore, Mtb-induced
respiratory burst in neutrophils can also regulate the inflammatory
response by induction of apoptosis.

It has been demonstrated that ROS activate NF-«kB by an indirect
mechanism [49] through the oxidation of thioredoxin (Trx) that in
turn release the transcription factor complex protein-1, which is an
upstream kinase in the c-JunN-terminal and p38 kinases [50],
permitting its activation and downstream signaling [51]. Human
neutrophils express several caspases, cysteine-dependent enzymes
and thus potentially redox sensitive, which are key enzymes in
apoptosis [52]. In this context, it has been described that Mtb-
induced apoptosis in neutrophils is dependent on caspase-3, which
is dependent on ROS and it has also been shown to be rapidly
activated by Mtb [14].

6. Neutrophils and Mtb immune evasion

The ability of Mtb to infect and cause disease depends on its
capacity to evade killing by phagocytic cells and to achieve this, Mtb
is equipped with numerous strategies of immune evasion. For
instance, it has been reported that virulent mycobacteria are able to
escape from fused phagosomes and multiply [53]. In addition, Mtb-
infected macrophages appear to be diminished in their ability to
present antigens to T cells, which leads to persistent infection [54]
and even more, Mtb has developed mechanisms to prevent both DC
migration and antigen presentation [55,56]. In this way, antigen
presenting cells contribute to defective T cell proliferation and
function by the production of cytokines including TGF-, IL-10 [57]
or IL-6 [58]. In addition, neutrophils impair Mtb-induced DC
maturation, thereby limiting their capacity to stimulate T cells [24].

Several pathogens could avoid neutrophil killing by limiting
phagocytosis [59,60] and/or decreasing ROS production [61—64]. In
line with this, Mtb could employ CD11b for entry, which do not
induce respiratory burst [65]. Additionally, inhibition of ROS pro-
duction also delays apoptosis in neutrophils and therefore, anti-
apoptotic properties of a pathogen could be considered as a
mechanism of immune evasion in which neutrophil survival is
controlled by the bacilli allowing its persistence inside the host cell.
This is coherent with the fact that attenuated strains of Mtb have
been found to be much more effective than virulent strains at
inducing apoptosis [66]. In this manner, it has been recently
described that some Mtb strains fail to induce apoptosis due to an
inability to stimulate ROS production and the induction of anti-
apoptotic pathways [13]. This strategy has been also described for
other pathogens like Anaplasma phagocytophilum which fails to
trigger ROS and delays neutrophil apoptosis [67].

Other pathogen abilities rely on their capacity to secrete super-
oxide dismutase and catalase which are ROS antagonists [68], as
well as sulphatides, LAM and phenolic-glycolipid I (PGLI) which are
potent oxygen radical scavengers [69]. In terms of host genetics, it
has been proposed that there is a direct association between of gene
polymorphisms in patients with tuberculosis (i.e. polymorphisms in
TLR2), and their associated mycobacterial isolates [70].
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7. Conclusions

Tuberculosis remains the single largest infectious disease with
ten million new TB cases and 2 million deaths which are estimated
to occur yearly, more than any time in history [71]. The intracellular
replication of the pathogen and its spread from the lungs to other
sites occur before the development of adaptive immune responses,
thus, innate immune mechanisms play a key role during the early
stages of Mtb infection. Therefore, modulation of ROS production
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would simultaneously control bacterial and neutrophil survival
that may be beneficial to Mtb for establishing a niche where bac-
teria evade host immunity [46,72,73]. In contrast to other patho-
gens, Mtb lacks more classical virulence factors such as toxins and
therefore, epidemiologic fitness of a strain can be influenced by the
genetic background of host and pathogen, host/pathogen in-
teractions, and the environment [74,75].

Virulence can be defined as the ability to cause active disease
in humans. So, differences between genotypes may be slight but
they may lead to remarkable phenotypic variation responsible
for a differential modulation of host immune response impacting
in the onset and progression of the disease. The variable inci-
dence of epidemiologic and clinical outcomes of the disease
could explain why some Mtb strains are more virulent than
others and vary in their ability to cause disease in humans [76].
Thus, an evolutionary compensation which restores bacterial
fitness may play a role in the epidemiological persistence of
certain strains allowing them to acquire drug resistance-
conferring mutations.
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A schematic representation of the molecules implicated in
mycobacterial recognition by neutrophils. TLR2/dectin-1 co-
operates to induce ROS production together with the rapid and
sustained phosphorylation of p38 and Syk, inducing activation and
apoptosis in neutrophil. Mtb could employ CD11b for entry, which
do not induce respiratory burst. The MAPK can directly phosphor-
ylate various transcription factors to initiate the expression of
proinflammatory cytokine genes.

References

[1] Riedel DD, Kaufmann SHE. Chemokine secretion by human poly-
morphonuclear granulocytes after stimulation with Mycobacterium
tuberculosis and lipoarabionmannan. Infect Immun 1997;65:4620—3.

[2] Condos R, Rom WN, Liu YM, Schluger NW. Local immune responses correlate
with presentation and outcome in tuberculosis. Am ] Respir Crit Care Med
1998;157:729-35.

[3] May ME, Spagnuolo PJ. Evidence for activation of a respiratory burst in the inter-
action of human neutrophils with Mycobacterium tuberculosis. Infect Immun
1987;55:2304—-7.

[4] Cook DN, Pisetsky DS, Schwartz DA. Toll-like receptors in the pathogenesis of
human disease. Nat Immunol 2004;5:975—9.

[5] DeLeo FR. Modulation of phagocyte apoptosis by bacterial pathogens.
Apoptosis: Int ] Program Cell Death 2004;9(4):399—413.

[6] Cox G, Crossley ], Xing Z. Macrophage engulfment of apoptotic neutrophils
contributes to the resolution of acute pulmonary inflammation in vivo. Am |
Respir Cell Mol Biol 1995;12:232—7.

[7] Fuchs TA, Abed U, Goosmann C, Hurwitz R, Schulze I, Wahn V, Weinrauch Y,

Brinkmann V, Zychlinsky A. Novel cell death program leads to neutrophil
extracellular traps. J Cell Biol 2007;176:231—41.


http://refhub.elsevier.com/S1472-9792(14)20662-7/sref1
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref1
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref1
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref1
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref2
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref2
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref2
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref2
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref3
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref3
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref3
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref3
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref4
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref4
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref4
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref5
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref5
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref5
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref6
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref6
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref6
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref6
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref7
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref7
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref7
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref7

362

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]
[27]

[28]

[29]

[30]

[31]

[32]

[33]

M. Aleman / Tuberculosis 95 (2015) 359—363

Ozaky T, Nakahira S, Tani K, Ogushi F, Yasuoka S, Ogura T. Differential cell
analysis in bronchoalveolar lavage fluid from pulmonary lesions of patients
with tuberculosis. Chest 1992;2:54—-9.

Brown AE, Holzer TJ, Andersen BR. Capacity of human neutrophils to kill
Mycobacterium tuberculosis. ] Infect Dis 1987;156:985—9.

Alemdn M, Beigier-Bompadre M, Borghetti C, de la Barrera S, Abbate E,
Isturiz M, Sasiain MC. Activation of peripheral blood neutrophils from patients
with active advanced tuberculosis. Clin Immunol 2001;100:87—-95.

Hirsch CS, Toosi Z, Johnson JL, Luzze H, Ntambi L, Peters P, McHugh M,
Okwera A, Joloba M, Mugyenyi P, Mugerwa RD, Terebuh P, Ellne ]J.
Augmentation of apoptosis and interferon-g production at sites of Mycobac-
terium tuberculosis infection in human tuberculosis. J Infect Dis 2001;183:
779—88.

Aleman M, Garcia A, Saab M, de la Barrera S, Finiazs M, Abbate E, Sasiain MC.
Mycobacterium tuberculosis-induced activation accelerates apoptosis in pe-
ripheral blood neutrophils from patients with active tuberculosis. Am ] Respir
Cell Mol Biol 2002;27:583—92.

Romero MM, Balboa L, Basile JI, Lépez B, Ritacco V, de la Barrera SS,
Sasiain MC, Barrera L, Aleman M. Clinical Isolates of Mycobacterium tubercu-
losis differ in their ability to induce respiratory burst and apoptosis in neu-
trophils as a possible mechanism of immune escape. Clin Dev Immunol
2012;2012. http://dx.doi.org/10.1155/2012/152546.

Perskvist N, Long M, Stendahl O, Zheng L. Mycobacterium tuberculosis pro-
motes apoptosis in human neutrophils by activating caspase-3 and altering
expression of Bax/BclXL via an oxygen-dependent pathway. ] Immunol
2002;168:6358—65.

Hoheisel G, Izbicki G, Roth M, Chan CH, Leung JC, Reichenberger F, Schauer J,
Perruchoud AP. Compartmentalization of proinflammatory cytokines in
tuberculous pleurisy. Respir Med 1998;92:14—7.

Barnes PF, Fong SJ, Brennan PJ, Twomey PE, Mazumder A, Modlin RL. Local
production of tumor necrosis factor and IFN-y in tuberculous pleuritis.
J Immunol 1990;145:149—54.

Olobo JO, Geletu M, Eguale T, Hiwot K, Aderaye G, Britton S. Circulating TNF-a,
TGF-b, and IL-10 in tuberculosis patients and healthy contacts. Scand ]
Immunol 2001;53:85—91.

Maeda ], Ueki N, Ohkawa T, Iwahashi N, Nakano T, Hada T, Higashino K. Local
production and localization of transforming growth factor-b in tuberculous
pleurisy. Clin Exp Immunol 1993;92:32—8.

Song CH, Lee ]S, Nam, Kim J-M, Suhr J-W, Jung S-S, Na M-], Paik T-H, Kim H-],
Park J-K, Jo E-K. IL-18 production in human pulmonary and pleural tubercu-
losis. Scand ] Immunol 2002;56:611—8.

Pace E, Gjomarkaj M, Melis M, Profits M, Spatafora M, Vignola AM,
Bonsignore G, Mody C. Interleukin-8 induces lymphocyte chemotaxis into the
pleural space: role of pleural macrophages. Am ] Respir Crit Care Med
1999;159:1592-9.

Xirouchaki N, Tzanakis N, Bouros D, Kyriakou D, Karkavitsas N,
Alexandrakis M, Siafakas NM. Diagnostic value of interleukin-1a, interleukin-
6, and tumor necrosis factor in pleural effusions. Chest 2002;121:815—20.
Aleman M, de la Barrera S, Schierloh P, Alves L, Yokobori N, Baldini M. Abbate
E and Sasiain MC: In tuberculous pleural effusions activated neutrophils un-
dergo apoptosis and acquire dendritic cell-like phenotype. ] Infec Dis
2005;192:399—409.

Iking-Konert C, Csekd C, Wagner C, Stegmaier S, Andrassy K, Hansch GM.
Transdifferentiation of polymorphonuclear neutrophils: acquisition of CD83
and other functional characteristics of dendritic cells. ] Mol Med 2001;79:
464—74.

Aleman M, de la Barrera S, Schierloh P, Yokobori N, Baldini M, Musella R,
Abbate E, Sasiain M. Spontaneous or Mycobacterium tuberculosis-induced
apoptotic neutrophils exert opposite effects on the dendritic cell-mediated
immune response. Eur ] Immunol 2007;37:1524—37.

Schaible UE, Winau F, Sieling PA, Fischer K, Collins HL, Brinkmann V,
Kaufmann SHE. Apoptosis facilitates antigen presentation to T lymphocytes
through MHC-I and CD1 in tuberculosis. Nat Med 2003;9:1039—46.
Medzhitov R. Toll-like receptors and innate immunity. Nat Rev Immunol
2001;1:135—45.

Kawai T, Akira S. Signaling to NF-(kappa)B by Toll-like receptors. Trends Mol
Med 2007;13(11):460—-9.

Kobayashi SD, Voyich JM, Braughton KR, DelLeo FR. Down-regulation of
proinflammatory capacity during apoptosis in human polymorphonuclear
leukocytes. ] Immunol 2003;170:3357—68.

Brumell JH, Burkhardt AL, Bolen ]B, Grinstein S. Endogenous reactive oxygen
intermediates activate tyrosine kinases in human neutrophils. ] Biol Chem
1996;271:1455—61.

Sabroe I, Jones EC, Usher LR, Whyte MKB, Dower SK. Toll-like receptor (TLR)2
and TLR4 in human peripheral blood granulocytes: a critical role for mono-
cytes in leukocyte lipopolysaccharide responses. ] Immunol 2002;168:
4701-10.

Hayashi F, Means TK, Luster AD. Toll-like receptors stimulate human
neutrophil function. Blood 2003;102:2660—9.

Jo EK, Yang CS, Choi CH, Harding CV. Intracellular signalling cascades regu-
lating innate immune responses to Mycobacteria: branching out from Toll like
receptors. Cell Microbiol 2007;9:1087—98.

Ward C, Chilvers ER, Lawson MF, Pryde ]G, Fujihara S, Farrow SN, Haslett C,
Rossi AG. NF-kB activation is a critical regulator of human granulocyte
apoptosis in vitro. J Biol Chem 1999;274:4309—18.

[34]

[35]

[36]

1371

[38]

[39]

[40]
[41]

[42]

[43]

(44

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

Alvarado-Kristensson M, Porn-Ares MI, Grethe S, Smith D, Zheng L, Andersson.
p38 mitogen-activated protein kinase and phosphatidylinositol 3-kinase ac-
tivities have opposite effects on human neutrophil apoptosis. FASEB ]
2002;16:129-31.

Yousefi S, Green DR, Blaser K, Simon HU. Protein-tyrosine phosphorylation
regulates apoptosis in human eosinophils and neutrophils. Proc Natl Acad Sci
U S A 1994;91:10868—72.

Aleman M, Schierloh P, de la Barrera S, Musella RM, Saab MA, Baldini M,
Abbate E, Sasiain MC. Mycobacterium tuberculosis triggers apoptosis in pe-
ripheral neutrophils involving TLR2 and p38-mitogen protein kinase in
tuberculosis patients. Infect Immun 2004;72:5150—8.

Triantafilou M, Triantafilou K. Lipopolysaccharide recognition: CD14, TLRs and
the LPS-activation cluster. Trends Immunol 2002;23:301—4.

Naroeni A, Porte F. Role of cholesterol and ganglioside GM1 in entry and sort-
term survival of Brucella suis in murine macrophages. Infect Immun 2002;70:
1640—4.

Jutras I, Abrami L, Dautry-Varsat A. Entry of the Lymphogranuloma Venereum
strain of Chlamydia trachomatis into host cells involves cholesterol-rich
membrane domains. Infect Immun 2003;71(1):260—6.

Gatfield ], Pieters J. Essential role for cholesterol in entry of mycobacteria into
macrophages. Science 2000;288(5471):1647—51.

Manes S, del Real G, Martinez AC. Pathogens: raft hijackers. Nat Rev Immunol
2003;3:557—-68.

Gantner BN, Simmons RM, Canavera SJ, Canavera SJ, Akira S, Underhill DM.
Collaborative induction of inflammatory responses by dectin-1 and Toll-like
receptor 2. ] Exp Med 2003;197:1107—-17.

Shin D-M, Yang C-S, Yu J-M, Lee J-Y, Kim KH, Shin S], Takahara K, Lee S], Jo E-K.
Mycobacterium abscessus activates the macrophage innate immune response
via a physical and functional interaction between TLR2 and dectin-1. Cell
Microbiol 2008;10(8):1608—21.

Yadav M, Schorey JS. The beta-glucan receptor dectin-1 functions together
with TLR2 to mediate macrophage activation by mycobacteria. Blood
2006;108:3168—75.

Zhang X, Majlessi L, Deriaud E, Leclerc C, Lo-Man R. Coactivation of syk kinase
and MyD88 adaptor protein pathways by bacteria promotes regulatory
properties of neutrophils. Immunity 2009;31:761—-71.

Romero MM, Basile JI, Lépez B, Ritacco V, Barrera L, Sasiain M, Alemdn M:
Outbreaks of Mycobacterium tuberculosis MDR strains differentially induce
neutrophil respiratory burst involving lipid rafts, p38 MAPK and Syk. BMC
Infect Dis doi: 10.1186/1471-2334-14-262

Flesch I, Kaufmann SH. Mycobacterial growth inhibition by interferon-
gamma-activated bone marrow macrophages and differential susceptibility
among strains of Mycobacterium tuberculosis. ] Immunol 1987;138:4408—13.
Yang C-S, Shin D-M, Lee H-M, Son JW, Lee SJ, Akira S, Gougerot-Pocidalo M-A,
El-Benna ], Ichijo H, Jo E-K. ASK1-p38 MAPK-p47phox activation is essential
for inflammatory responses during tuberculosis via TLR2-ROS signalling. Cell
Microbiol 2008;10(3):741—-54.

Janssen-Heininger YM, Poynter ME, Baeuerle PA. Recent advances towards
understanding redox mechanisms in the activation of nuclear factor kappaB.
Free Radic Biol Med 2000;28:1317—27.

Shaulian E, Karin M. AP-1 as a regulator of cell life and death. Nat Cell Biol
2002;4:E131-6.

Saitoh M, Nishitoh H, Fujii M, Takeda K, Tobiume K, Sawada Y, Kawabata M,
Miyazono K, Ichijo H. Mammalian thioredoxin is a direct inhibitor of apoptosis
signal-regulating kinase (ASK) 1. EMBO ] 1998;17:2596—606.

Yamashita K, Takahashi A, Kobayashi S, Hirata H, Mesner Jr PW,
Kaufmann SHE, Yonehara S, Yamamoto K, Uchiyama T, Sasada M. Caspases
mediate tumor necrosis factor-o-induced neutrophil apoptosis and down-
regulation of reactive oxygen production. Blood 1999;93(2):674—85.
Moreira AL, Wang J, Tsenova-Berkova L, Hellmann W, Freedman VH, Kaplan G.
Sequestration of Mycobacterium tuberculosis in tight vacuoles in vivo in lung
macrophages of mice infected by the respiratory route. Infect Immun
1997;65:305-8.

Hmama Z, Gabathuler R, Jefferies WA, deJong G, Reiner NE. Attenuation of
HLA-DR expression by mononuclear phagocytes infected with Mycobacterium
tuberculosis is related to intracellular sequestration of immature class II het-
erodimers. ] Immunol 1998;161:4882—93.

Wolf AJ, Linas B, Trevejo-Nunez GJ, Kincaid E, Tamura T, Takatsu K, Ernst JD.
Mycobacterium tuberculosis infects dendritic cells with high frequency and
impairs their function in vivo. ] Immunol 2007;179(4):2509—19.

Balboa L, Romero MM, Yokobori N, Schierloh P, Geffner L, Basile ]I,
Musella RM, Abbate E, de la Barrera S, Sasiain MC, Aleman M. Mycobacterium
tuberculosis impairs dendritic cell response by altering CD1b, DC-SIGN and MR
profile. Immunol Cell Biol 2010;88:716—26.

Rojas RE, Balaji KN, Subramanian A, Boom WH. Regulation of human CD4+ ab
T cell receptor positive (TCR+) and gd (TCR +T-cell responses to Mycobacte-
rium tuberculosis by interleukin-10 and transforming growth factor b. Infect
Immun 1999;67:6461—72.

van Heyningen TK, Collins HL, Russell DG. IL-6 produced by macrophages
infected with Mycobacterium species suppresses T cell responses. ] Immunol
1997;158:303—7.

Cornelius GR. Yersinia type Il secretion: send in the effectors. ] Cell Biol
2002;158:401-8.

Cummingham MW. Pathogenesis of group A streptococcal infections. Clin
Microbiol Rev 2000;13:470—511.


http://refhub.elsevier.com/S1472-9792(14)20662-7/sref8
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref8
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref8
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref8
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref9
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref9
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref9
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref10
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref10
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref10
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref10
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref10
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref11
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref11
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref11
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref11
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref11
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref11
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref12
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref12
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref12
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref12
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref12
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref12
http://dx.doi.org/10.1155/2012/152546
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref14
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref14
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref14
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref14
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref14
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref15
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref15
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref15
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref15
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref16
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref16
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref16
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref16
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref17
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref17
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref17
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref17
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref18
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref18
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref18
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref18
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref19
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref19
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref19
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref19
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref20
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref20
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref20
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref20
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref20
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref21
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref21
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref21
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref21
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref22
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref22
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref22
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref22
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref22
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref22
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref23
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref23
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref23
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref23
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref23
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref23
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref23
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref24
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref24
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref24
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref24
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref24
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref24
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref25
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref25
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref25
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref25
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref26
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref26
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref26
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref27
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref27
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref27
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref28
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref28
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref28
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref28
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref29
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref29
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref29
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref29
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref30
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref30
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref30
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref30
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref30
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref31
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref31
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref31
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref32
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref32
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref32
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref32
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref33
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref33
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref33
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref33
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref34
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref34
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref34
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref34
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref34
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref35
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref35
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref35
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref35
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref36
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref36
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref36
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref36
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref36
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref36
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref37
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref37
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref37
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref38
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref38
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref38
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref38
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref39
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref39
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref39
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref39
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref40
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref40
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref40
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref41
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref41
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref41
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref42
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref42
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref42
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref42
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref43
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref43
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref43
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref43
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref43
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref44
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref44
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref44
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref44
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref45
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref45
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref45
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref45
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref46
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref46
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref46
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref46
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref47
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref47
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref47
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref47
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref47
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref48
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref48
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref48
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref48
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref49
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref49
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref49
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref50
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref50
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref50
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref50
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref51
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref51
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref51
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref51
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref51
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref52
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref52
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref52
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref52
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref52
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref53
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref53
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref53
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref53
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref53
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref54
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref54
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref54
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref54
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref55
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref55
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref55
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref55
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref55
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref55
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref56
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref56
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref56
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref56
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref56
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref56
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref56
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref56
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref57
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref57
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref57
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref57
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref58
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref58
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref58
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref59
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref59
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref59

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

M. Aleman / Tuberculosis 95 (2015) 359—363

Lei B, DeLeo FR, Hoe NP, Graham MR, Macie SM, Cole RL, Liu M, Hill HR,
Low DE, Federle MJ, Scott JR, Musser JM. Evasion of human innate and ac-
quired immunity by a bacterial homologue of CD11b that inhibits opsono-
phagocytosis. Nat Med 2001;7:1298—304.

Mott ], Rikihisa Y. Human granulocytic ehrlichiosis agent inhibits superoxide
anion generation by human neutrophils. Infect Immun 2000;68:6697—703.
Mott J, Rikihisa Y, Tsunawaki S. Effect of Anaplasma pagocitophila on NADPH
oxidase components in human neutrophils and HAL-60 cells. Infect Immun
2002;70:7009—18.

Siemsen D, Kirpotina LN, Jutila MA, Quinn MT. Inhibition of the human
neutrophil NADPH oxidase by Coxelia burnetii. Microbes Infect 2009;11:
671-9.

Schlesinger LS, Bellinger-Kawahara CG, Payne NR, Horwitz MA. Phagocytosis
of Mycobacterium tuberculosis is mediated by human monocyte complement
receptors and complement component C3. ] Immunol 1990;144(7):2771-80.
Keane ], Remold HG, Kornfeld H. Virulent Mycobacterium tuberculosis strains
evade apoptosis of infected alveolar macrophages. ] Immunol 2000;164(4):
2016—20.

Borjesson DL, Kobayashi SD, Whitney AR, Voyich JM, Argue CM, DeLeo FR.
Insights into pathogen immune evasion mechanisms: Anaplasma phag-
ocytophilum fails to induce an apoptosis differentiation program in human
neutrophils. ] Immunol 2005;174:6364—72.

Andersen P, Askgaard D, Ljungqvist L, Bennedsen ], Heron I. Proteins released
from Mycobacterium tuberculosis during growth. Infect Immun 1991;59:
1905—-10.

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

363

Chan J, Fujiwara T, Brennan P, McNeil M, Turco SJ, Sibille JC, Snapper M,
Aisen P, Bloom B. Microbial glycolipids: possible virulence factors that scav-
enge oxygen radicals. Proc Natl Acad Sci U. S. A 1989;86:2453—7.

Caws M, Thwaites G, Dunstan S, Hawn TR, Lan NTN, Thuong NTT, Stepniewska K,
et al. The influence of host and bacterial genotype on the Development of
Disseminated Disease with Mycobacterium tuberculosis. PLoS Pathog
2008;4(3). http://dx.doi.org/10.1371/journal.ppat.1000034. e1000034.

WHO. Global tuberculosis control-surveillance, planning, financing. Geneva,
Switzerland: WHO; 2010 (Contract No: WHO/HTM/TB/2008.393.).
Chackerian A, Alt JM, Perera TV, Dascher CC, Behar SM. Dissemination of
Mycobacterium tuberculosis is influenced by host factors and precedes the
initiation of T-cell immunity. Infect Immun 2002;70(8):4501—9.
Hingley-Wilson SM, Sambandamurthy VK, Jacobs WR. Survival perspectives
from the world's most successful pathogen, Mycobacterium tuberculosis. Nat
Immunol 2003;4(10):949—55.

Luciani F, Sisson SA, Jiang H, Francis AR, Tanaka MM. The epidemiological
fitness cost of drug resistance in Mycobacterium tuberculosis. Proc Natl Acad
Sci U. S. A 2009;106:14711-5.

O'Sullivan DM, McHugh TD, Gillespie SH. Mapping the fitness of Mycobacte-
rium tuberculosis strains: a complex picture. ] Med Microbiol 2010;59:1533—5.
Malik NJ, Godfrey-Faussett P. Effects of genetic variability of Mycobacterium
tuberculosis strains on the presentation of disease. Lancet Infect Dis 2005;5(3):
174-83.


http://refhub.elsevier.com/S1472-9792(14)20662-7/sref60
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref60
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref60
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref60
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref60
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref61
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref61
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref61
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref62
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref62
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref62
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref62
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref63
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref63
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref63
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref63
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref64
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref64
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref64
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref64
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref65
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref65
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref65
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref65
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref66
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref66
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref66
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref66
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref66
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref67
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref67
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref67
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref67
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref68
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref68
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref68
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref68
http://dx.doi.org/10.1371/journal.ppat.1000034
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref70
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref70
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref71
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref71
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref71
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref71
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref72
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref72
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref72
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref72
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref73
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref73
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref73
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref73
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref74
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref74
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref74
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref75
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref75
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref75
http://refhub.elsevier.com/S1472-9792(14)20662-7/sref75

	Neutrophil apoptosis in the context of tuberculosis infection
	1. Neutrophils and apoptosis
	2. Neutrophil apoptosis and tuberculosis
	3. Neutrophils and Toll-like receptors
	4. Mtb and TLR signaling in neutrophils
	5. Neutrophils and reactive oxygen species
	6. Neutrophils and Mtb immune evasion
	7. Conclusions
	Acknowledgments
	Funding
	Competing interests
	Ethical approval
	References


