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Abstract

Objective: The role of Mycobacterium tuberculosis complex (MTBC) species in tuberculosis (TB) infection in human is
still questioned. The aim of this study was to determine whether M. tuberculosis and M. bovis is associated with apop-
tosis and necroptosis by measuring the expression of specific signaling pathways components (Fas-associated protein
with death domain (FADD) and receptor interacting protein 3 (RIP3)), and the level of apoptosis.

Results: We recruited 30 patients with pulmonary TB; 24 patients were infected with M. tuberculosis Beijing strain and
six patients with M. bovis BCG strain. M. tuberculosis-infected patients were more likely to have severe lung damage
compared to those infected with M. bovis (odds ratio [OR] 7.60; 95% confidence interval [CI] 1.07-54.09). M. tuberculo-
sis infection was associated with lower expression of FADD and lower apoptosis level of macrophages compared to M.
bovis. No significant di erent of RIP3 between MTBC species groups. In conclusion, M. tuberculosis Beijing strain was
associated with severe pulmonary damage, inhibited FADD expression and reduced apoptosis level of macrophages

derived from pulmonary TB patients. This suggests that the M. tuberculosis Beijing strain is potentially to be used as
determinant of disease progressivity and tissue damage in TB cases.
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Introduction

Mycobacterium tuberculosis complex (MTBC) continues
to significantly impact public health and is associated
with one million deaths of tuberculosis (TB) cases annu-
ally worldwide [1]. Ability of M. tuberculosis to establish
disease is entirely depend on macrophage deaths during
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infection. Pulmonary macrophages are critical compo-
nent of the primary innate immune response that have
various functions in immune surveillances, removal of
cellular debris, microbial clearance, and in resolution
of inflammation [2]. There are two pathways of mac-
rophage deaths, apoptosis and necroptosis, that are
developed as host antimicrobial defenses in the early TB
infection; both of them are programmed cell death [3].
These mechanisms are triggered by tumor necrosis fac-
tor alpha (TNFa), oxidative stress, lipopolysaccharide
(LPS), and other factors [4]. Apoptosis is characterized by
signaling cell through Fas-associated protein with death
domain (FADD), a crucial protein that is associated with
death receptors (DRs) [5]. Necroptosis can be induced
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if apoptotic signaling is inhibited through formation of
receptor interacting protein 3 (RIP3) [6, 7].

MTBC comprises of many members including M.
tuberculosis, M. africanum, M. canettii, M. bovis, M.
microti, M. orygis, M. caprae, M. pinnipedii, M. suricat-
tae and M. mungi) [8]. These members have different
cellular components, the ability of human-to-human
transmission, and severity of disease [9]. M. bovis lacks
of trehalose-containing glycolipids on its cell walls that
could affect the virulence and adaptability within the host
cells. The genetic analysis showed that the loss of treha-
lose-containing glycolipids was related to disturbance
surface-exposed acyltrehaloses such sulfatides (SLs), dia-
cyltrehaloses (DATS), triacyltrehaloses (TATs) and penta-
cyltrehaloses (PATs) and the phoPR component signaling
system [10, 11]. In M. tuberculosis, this PhoPR system
plays a role in the regulation of cell wall complex lipid
biosynthesis and the secretion of EsxA/ESAT-6 for mod-
ulating the immune response [12]. Reduced this signal-
ing system in M. bovis has been linked to less virulence in
humans [11]. Another study showed that MTBC species
with dominant PhoP gene expression are hypervirulent
and resistant to tuberculosis drugs [13].The role of MTBC
species have been proven in various animal models [14],
but still be questioned in human [9]. Although some spe-
cies have 99.9% similarity of nucleotide sequences, they
have different abilities to induce macrophages death
[15]. Apoptosis and necroptosis play the important roles
in innate immune responses against pathogens [16]
and are crucial in TB infection [17, 18]. In vitro studies
showed that the apoptosis of BCG-infected monocytes
by the exogenous drug was associated with a reduction
of bacillary viability while necrosis was not associated
with reduction of BCG viability [19, 20]. Another study
found that if apoptosis was predominated during a TB
infection the bacteria were potentially to be cleared [21].
M tuberculosis Beijing strain with high virulent inhibits
apoptosis, and triggers necroptosis because it evades the
immune system, induces the necrosis, lyses of the cellu-
lar components, and induces the parenchymal destruc-
tion and therefore is associated with severe TB [22]. The
aim of this study was to assess the role of M. tuberculosis
and M. bovis on the state of apoptotic and necroptosis of
macrophages isolated from TB patients.

Main text

Method

Study setting and patients

Between June and October 2017, a cross-sectional study
was conducted. Confirmed new pulmonary TB cases
were recruited from Tuberculosis Clinic at Soewandhie
Hospital, Surabaya, Indonesia. Bacteriological confir-
mation was conducted by sputum acid fast staining and
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GeneXpert MTB/RIF test (Cepheid, Sunnyvale, CA,
USA). For the study purpose, the patients underwent
fiber optic bronchoscopy to collect bronchoalveolar lav-
age fluid (BALF) and the macrophages were collected
from the BALF. Patients with HIV co-infection, diabe-
tes mellitus, renal abnormality, heart diseases, immune
response disorders such as lupus erythematosus and
rheumatoid arthritis, non-TB pulmonary diseases, and
those who previously received anti-TB treatment were
excluded. All samples were tested to identify MTBC spe-
cies using polymerase chain reaction (PCR) targeting two
specific genes: RD9 and TbD1.

Assessment of pulmonary damage

The degree of pulmonary damage was classified using
the NICE Scoring System based on the total lesions in six
lung areas [23]. This system assessed four components:
the nodule (N), the infiltration or consolidation (I), the
cavity (C), and the ectasis (E) based on chest radiograph
of three areas of each lung (i.e. six areas of both lungs).
For each area, the possible scores were 1 to 4 indicating
the lung damage area of 0-25%, >25%— <50%, >50%— <
75% and >75%, respectively. The pulmonary damage was
then categorized as mild if the total score was 8 or less
and severe if the total score was more than 8.

Samples collection and macrophages isolation

BAL was performed using 10 ml of saline solution as
described previously [24]. The BALF was centrifuged at
2500 rpm for 15 min, the supernatant was discarded, and
cells were resuspended to a cell count of 4 x 10° cells/ml
with RPMI 1640 medium. The total cell count was meas-
ured using hemocytometer.

FADD and RIP3 expression by immunocytochemical staining
Pellet cells derived from the centrifugation were applied
to glass slides and then washed with PBS three times for
10 min. Permeabilization was performed with a CA-630-
0.5% Igepal solution (Sigma Aldrich, Saint Louis, MO,
USA). H,0, 0.3% was then added and incubated for
10 min before was washed with PBS. The slides were
incubated with anti-human monoclonal antibody FADD
or RIP3 followed manufacturer’s protocol (Santa Cruz,
Oregon, OR, USA). The quantification of the protein
expression was conducted according to the previous
study [25].

Apoptosis assay

The level of apoptosis in infected macrophages was
determined by using the Tunel Assay apoptosis kit per
manufacturer’s protocol (R&D Systems, Minneapolis,
MN, USA). Tunel assay was performed with terminal
deoxynucleotidyl transferase enzymes to determine the
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fragmentation of DNA. The level of apoptosis was meas-
ured based on the previous study [26].

MTBC Species identification and sequence confirmation

The detection of MTBC species was conducted from the
BALF. Briefly, DNA was extracted using DNeasy® Blood
& Tissue kit (Ambion Inc., Austin, TX, USA). Amplifica-
tion of gene-specific M. tuberculosis was conducted using
RD9 primers (F: 5-GTGTAGGTCAGCCCCATCC-3/,
I 5-CAATGTTTGTTGCGCTGC-3/, R: 5-GCTACC
CTCGACCAAGTGTT-3'), while M. bovis was identified
using TbD1 primers (F: 5-AGTGACTGGCCTGGTCAA
AC-3, R: 5-GAGCTCTGTGCGACGTTATG-3') [27,
28]. The conditions for PCR assays were set up for 30 s
at 94 °C (denaturation), followed by 35 cycles of dena-
turation (94 °C, 30 s), annealing (56 °C, 1 s), and exten-
sion (72 °C, 10 min). The confirmation of the strain was
conducted by sequencing nine and two of M. tubercu-
losis and M. bovis samples, respectively and the homol-
ogy analysis was conducted using Basic Local Alignment
Search Tool (BLAST).

Statistical analysis

Associations between MTBC species and the degree of
lung damage including for each subset of NICE compo-
nent were assessed using Chi squared test. To compare
the level of apoptosis, FADD, and RIP3 of macrophages
between M. tuberculosis and M. bovis groups, the Man-
Whitney test was employed. For all analyses, significance
was assessed at a=0.05.

Results

Characteristics of patients

Forty new active pulmonary TB patients were success-
fully diagnosed and met the inclusion criteria and 30
patients were willing to participate and underwent the
BAL procedure. Among 30 patients, majority of them
(81.37%) were female and more than half (16/30, 53.3%)
aged between 21 and 40 years old (Table 1). Majority
of the patients (75%) were working as laborer and five
patients (16.6%) were working as cow slaughters. Based
on clinical symptoms, 90%, 86%, 56% and of the patients
had anorexia, experienced weight loss, and had persistent
fever, respectively. Only 36.6% of patients had low hemo-
globin level and 30.0% had low oxygen saturation.

Detection of MTBC species

Based on RD9 gene amplification, 24 (80.0%) M. tuber-
culosis were identified and nine of them were sequenced
for the confirmation. The isolates had 99-100% sequence
similarity with the M. tuberculosis Beijing strain 2014
PNGD (Accession no CP022704.2). Six (20.0%) M. bovis
were identified and two isolates were sequenced. All of
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Table 1 Demographic and clinical characteristics
between M. tuberculosis Beijing strain and M. bovis BCG
strain

Variable MTBC species p value
M. tuberculosis M. bovis BCG
Beijing strain, n strain, n (%)
(%)
Gender
Female 13 (81.37) 3(188) 0.855
Male 11(78.6) 3(214)
Age (year)
<21 2(50.0) 2 (50.0) 0172
21-40 12 (75.0) 4(25.0)
40-50 6 (100.0) 0(0)
>50 4(100.0) 0(0)
Educational attainment
Elementary school 8(89.5) 1(11.1) 0.466
Junior high school 10 (83.3) 2(6.7)
Senior high school 6 (66.7) 3(333)
Occupation
Labourer 16 (76.2) 5(32.8) 0.364
Housewife 6 (100.0) 0(0)
Unemployed 2(66.7) 1(333)
Anorexia
Yes 21(77.7) 6 (22.2) 0.189
No 3(100.0) 0(0)
Weight loss
Yes 21(80.8) 5(19.2) 0.364
No 3(75.0) 1(25.0)
Fever
Yes 13(76.5) 4(235) 0.167
No 11 (84.6) 2(154)
Haemoglobin level
Normal 8(72.8) 3(27.3) 0.750
Low 16 (84.2) 3(15.8)
Sa0, level
Normal 17 (80.9) (19.0) 0831
Low 7(77.8) 2(22.2

them had 100% sequence similarity with M. bovis BCG
strain (Accession no CP033311.1).

Association between MTBC species and lung damage

MTBC species had no association with three NICE com-
ponents (i.e. the presence of nodule, the infiltrate or con-
solidation, and the cavity of the lungs) (Table 2). Ectasis,
however, was more frequent in M. tuberculosis (OR: 10.0;
95% CI 1.34-74.51). M. tuberculosis was identified in 19
(90.50%) patients with severe lung damage. There was
a significant association between M. tuberculosis and
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Table 2 Severity of pulmonary damage between M. tuberculosis Beijing strain and M. bovis BCG strain
Variables n MTBC species OR 95% Cl p-value
M. tuberculosis Beijing M. bovis BCG strain,
strain, n (%) n (%)
NICE score
Nodule 4.85 0.72-32.87 0.088
Yes 19 17 (89.5) 2(105)
No 11 7(63.7) 4 (36.4)
Infiltrate/consolidation NA NA NA
Yes 30 24 (80.0) 6 (20.0)
No 0 0(0.0) 0(0.0)
Cavitas NA NA 0.283
Yes 4 4(100.0) 0(0.0)
No 26 20(76.9) 6(23.1)
Ectasis 10.00 1.34-7451 0.013
Yes 22 20(90.0) 2(9.15)
No 8 4(50.0) 4 (50.0)
Severity of lung damage 7.60 1.07-54.09 0.028
Mild 9 5(9.5) 4 (55.6)
Severe 21 19 (90.5) 2(44.4)

severe lung tissue damage, OR: 7.60; 95% CI 1.07—54.09,
p=0.028 (Table 2).

Association between MTBC species and FADD, RIP3,

and apoptosis

Our data indicated that the level of FADD was lower in M
tuberculosis group compared to M. bovis, 0.208 +1.020
vs. 0.667+1.032 cells with p=0.046 (see Fig. la, b).
The level of RIP3 expression was not different between
M tuberculosis group and M. bovis (0.333+£0.702 vs
0.500£0.836, p=0.551). Data from Tunel assay indicated
that the level of apoptosis in macrophages derived from
M tuberculosis group was significantly lower compared to
M. bovis group, 0.875+1.676 vs. 2.500+3.331, p=0.049
(Fig. 1c, d).

Discussion

The outcome and the disease progression of MTBC
species infection are varied; exposure to this myco-
bacterium can be rapidly cleared by innate immunity
or direct progression to active TB. Active TB also has
a range of presentations and each form is associated
with diverse host responses to the pathogen. Stud-
ies have provided evidence that different MTBC spe-
cies is associated with different virulent [29-31] and
would affect host—pathogen interactions [32]. Phe-
notypic comparisons between M. tuberculosis and M.
bovis have been limited to animal studies, which sug-
gested that M. bovis is likely less virulent [9, 33, 34].

In the present study, 80.0% of TB cases caused by M.
tuberculosis and inhibited the cell signaling to apopto-
sis execution. The previous studies have reported that
high virulent M. tuberculosis inhibited apoptosis in
TB-cases [35, 36]. Virulent M. tuberculosis H37Rv and
Erdman for example inhibited apoptosis stronger com-
pared to non-virulent M. bovis BCG strain, H37Ra,
and M. kansaii on human alveolar macrophages of
healthy nonsmoking volunteers [36]. Other studies
found that M. tuberculosis inhibited and suppressed
apoptosis of host macrophages on THP-1 [37, 38] and
J774 cell lines [39].

Data from the present study identified that infection
of macrophages with M. tuberculosis was associated
with a lower level of FADD compared to M. bovis infec-
tion. FADD is an adapter protein to bind caspase 8 and
caspase 10 precursors and is simultaneously activated
and mediated cell signals with caspases 3, 6, and 7 to
induce apoptosis [40]. This suggests that M. tuberculo-
sis is able to inhibit signaling of caspases to execute the
apoptosis. A study showed that low FADD expression
triggered the necrosis [41] and the necroptosis [42].
Altogether, these explain, in part, the finding of present
study that M. tuberculosis infection was significantly
associated with severe lung damage.

In conclusion, our preeliminary data suggest that M.
tuberculosis is associated with more severe lung dam-
age compared to M. bovis infection. M. tuberculosis
also inhibits FADD expression and reduces the apopto-
sis level.
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M. bovis BCG
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FADD expression

Tunel assay

Fig. 1 FADD expression (a, b) and apoptosis (c, d)
strain (a, ) and M. tuberculosis Beijing strain (b, d)
.

M. tuberculosis Beijing

Study limitation

This was a cross-sectional study at a single health
center and included small number of pulmonary TB
patients determined to be infected predominantly with
M. tuberculosis Beijing strains. Therefore, our study
was underpowered, which lessened its internal valid-
ity. In this study, the FADD expression was used which
may not be the best marker for propensity towards
apoptosis or necrosis. Therefore, validation using other
standard approaches such as caspase-activity and RIP3
phosphorylation is warrant. Finally, we did not assess
the necrosis state of the cells and further study to anal-
ysis the role of MTBC species on necrosis is therefore
also important.

Abbreviations

BALF: Bronchoalveolar lavage fluid; Cl: Confidence interval, DRs: Death
receptors; FADD: Fas-associated protein with death domain; LPS: Lipopoly-
saccharide; MTBC: Mycobacterium tuberculosis complex; OR: Odds ratio; PCR:

Polymerase chain reaction; RIP3: Receptor interacting protein 3; TB: Tuberculo-
sis; TNFa: Tumor necrosis factor alpha.

Acknowledgements
The authors would like to thank the support of Dato Prof. Dr. Tahir for his valu-
able support and encouragement in this study.

Authors’ contributions

Conceptualization and methodology: BY; Software: MA; Validation: BY, MM;
Formal analysis: NMM; Data curation: BY, MA; Writing—original draft prepara-
tion: BY, HH; Writing—review and editing: BY, BY, MM, MA, HH, NMM, SS;
Supervision: MA, NMM, SS. All authors read and approved the final manuscript.

Funding
None.

Availability of data and materials
The datasets generated during and/or analyzed during the current study are
available from the corresponding author on reasonable request.

Ethics approval and consent to participate

All patients signed an informed consent form prior to study. This study proto-
col was approved by the Ethics Committee of Dr. Soetomo Hospital Research
Committee (388/PANKE/KKE/V/2017).



Yanti et al. BMC Res Notes (2020) 13:415

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

! postgraduate Program, Faculty of Medicine, Universitas Airlangga, Sura-
baya, Indonesia. > Department of Pulmonology and Respiratory Medicine,
School of Medicine, Universitas Syiah Kuala, JI. T. Tanoeh Abe, Darussalam,
Banda Aceh 23111, Indonesia. ° Department of Internal Medicine, Faculty

of Medicine, Universitas Nahdhatul Ulama Surabaya, Surabaya, Indonesia.

4 Department of Pulmonology and Respiratory Medicine, Faculty of Medicine,
Universitas Airlangga, Surabaya, Indonesia. ° Medical Research Unit, School

of Medicine, Universitas Syiah Kuala, Banda Aceh, Indonesia. 6 Department

of Microbiology, School of Medicine, Universitas Syiah Kuala, Banda Aceh,
Indonesia. " Department of Clinical Microbiology, Faculty of Medicine, Univer-
sitas Airlangga, Surabaya, Indonesia. © Institute of Tropical Diseases, Universitas
Airlangga, Surabaya, Indonesia. ° Department of Medical Biochemistry, Faculty
of Medicine, Universitas Airlangga, Kampus C Mulyorejo Kec. Mulyorejo—Kota,
Surabaya, Prov. Jawa Timur 60115, Indonesia.

Received: 24 February 2020 Accepted: 26 August 2020
Published online: 04 September 2020

References

1. WHO. Global tuberculosis report. Geneva 2019; Oct 19, 2019. https.//
www.who.int/tb/publications/global_report/en/ (accessed Dec 26,
2019).

2. Byrne A, Mathie S, Gregory L, Lloyd C. Pulmonary macrophages: key play-
ers in the innate defence of the airways. Thorax. 2015;70:1189-96.

3. Ramakrishnan L. Revisiting the role of the granuloma in tuberculosis. Nat
Rev Immunol. 2002;12(5):352—-66.

4. Divangahi M, Behar SM, Remld H. Dying to live: how the death modality
of the infected macrophage modulates immunity to tuberculosis. In:
Divangahi M, editor. The new paradigm of immunity to tuberculosis. 1st
ed. New York: Springer; 2013. p. 103-20.

5. Dockrell D. The multiple role of FAS ligand in the pathogenesis of infec-
tious disease. Clin Microbiol Infect. 2003;9:766-79.

6. Butler RE, Krishnan N, Garcia-Jimenez W, Francis R, Martyn A, Mendum T,
Felemban S, Locker N, Salguero-Bodes J, Robertson B & Stewart GR. Sus-
ceptibility of M. tuberculosis-infected host cells to phospho-MLKL driven
necroptosis is dependent on cell type and presence of TNFa. Virulence.
2017:1-38.

7. Berghe TV, Vanlangenakler N, Parthoens E, Deckers W, Devos M, Festjens
N, Guerin CJ, Brunk UT, Declarcq W, Vandenabeele P. Necroptosis, necrosis
and secondary necrosis converge on similar cellular disintegration
features. Cell Death Di er. 2010;17(6):922-30.

8. Coscolla M, Gagneux S. Consequences of genomic diversity in Mycobac-
terium tuberculosis. Semin Immunol. 2014:26:431-44.

9. Coscolla M, Gagneux S. Does M. tuberculosis genomic diversity explain
disease diversity? Drug Discov Today Dis Mech. 2010;7(1):e43-59.

10. Nobre A, et al. The molecular biology of mycobacterial trehalose in the
quest for advanced tuberculosis therapies. Microbiology (United King-
dom). 2014;160(8):1547-70.

11. Asensio JG, et al. The virulence-associated two-component PhoP-PhoR
system controls the biosynthesis of polyketide-derived lipids in Mycobac-
terium tuberculosis. J Biol Chem. 2006;281(3):1313-6.

12. Gonzalo-Asensio J, et al. ‘Evolutionary history of tuberculosis shaped by
conserved mutations in the PhoPR virulence regulator. In: Proceedings of
the national academy of sciences of the united states of america. national
academy of sciences; 2014, pp. 11491-6.

13. Soto CY, et al. IS6110 mediates increased transcription of the phoP
virulence gene in a multidrug-resistant clinical isolate responsible for
tuberculosis outbreaks. J Clin Microbiol. 2004;42(1):212-9.

14. Tientcheu LD, Koch A, Ndengane M, Andoseh G, Kampmann B, Wilkinson
RJ. Immunological consequences of strain variation within the Mycobac-
terium tuberculosis complex. Eur J Immunol. 2017,47:432-45.

15.

16.

17.

18.

19.

20.

21

22.

23.

24,

25.

26.

217.

28.

29.

30.

3L

32.

33.

34.

35.

Page 6 of 7

Cole ST, Brosch R, Parkhill J, Garnier T, Churcher C, Harris D, Gordon SV,
Eiglmeier K, Gas S, Barry CE, et al. Deciphering the biology of Myco-
bacterium tuberculosis from the complete genome sequence. Nature.
1989;393:537-44.

Stuart LM, Alan R, Ezekowitz B. Phagocytosis: elegant complexity. Immu-
nity. 2005;22(5):539-50.

Kornfeld H, Mancino G, Colizzi V. The role of macrophage cell death in
tuberculosis. Cell Death Di er. 1999;6(1):71-8.

Lee J, Hartman M, Kornfeld H. Macrophage apoptosis in tuberculosis.
Yonsei Med J. 2009;50(1):1-11.

Molloy A, Laochumroonvorapong P, Kaplan G. Apoptosis, but not necro-
sis, of infected monocytes is coupled with killing of intracellular bacillus
Calmette-Guérin. J Exp Med. 1994;180(4):1499-509.

Chavez-Galan L, Vesin D, Martinvalet D, Garcia |. Low dose BCG infection
as a model for macrophage activation maintaining cell viability. J Immu-
nol Res. 2016;2016:1-18.

Gan H, Lee J, Ren F, Chen M, Kornfeld H, Remold HG. Mycobacterium
tuberculosis blocks crosslinking of annexin-1 and apoptotic envelope
formation on infected macrophages to maintain virulence. Nat Immunol.
2008;9(10):1189-97.

Behar S, Divangahi M, Remold H. Evasion of innate immunity by
Mycobacterium tuberculosis: is death an exit strategy? Nat Rev Microbiol.
2010;8(9):668-74.

Kurashima A, Morimoto K, Horibe M, Hoshino Y, Shiraishi Y, Kudoh S. A
Method for visual scoring of pulmonary Mycobacterium avium complex
disease: “NICE scoring system” Mycobact Dis. 2003;3(1):1-5.

Placido R, Mancino G, Amendola A, Mariani F, Vendetti S, Piacentini M,
Sanduzzi A, Bocchino ML, Zembala M, Colizzi V. Apoptosis of human
monocytes/macrophages in Mycobacterium tuberculosis infection. J
Pathol. 1997;181(1):31-8.

Roychowdhury A, Dey RK, Bandyapadhyay A, Bhattacharya P, Mitra

RB, Dutta R. Study of mutated p53 protein by immunohistochem-

istry in urothelial neoplasm of urinary bladder. J Indian Med Assoc.
2010;110(6):393-6.

Danellishvili L, McGarvey J, Li Y, Bermudez L. Mycobacterium tuberculosis
infection causes di erent levels of apoptosis and necrosis in human mac-
rophages and alveolar epithelial cells. Cell Microbiol. 2003;5(9):649-60.
Parsons LM, Brosch R, Cole ST, Somoskovi, A, Loder A, Bretzel G, van
Soolingen D, Hale YM, Salfinger M. Rapid and simple approach for iden-
tification of Mycobacterium tuberculosis complex isolates by pcr-based
genomic deletion analysis. Journal of clinical microbiology. 2002;40 (7):
2339-2345.

Brosch R, Gordon SV, Marmiesse M, Brodin P, Buchrieser C, Eigimeimer

K, Garnier T, Gutierrez C, Hewinson G, Kremer K, Parsons LM, et al. A new
tuberculosis scenario for the Mycobacterium tuberculosis complex. PNAS.
2002;99(6):3684-9.

Comas |, Homolka S, Niemann S, Gagneux S. Genotyping of genetically
monomorphic bacteria: DNA sequencing in Mycobacterium tubercu-
losis highlights the limitations of current methodologies. PLoS ONE.
2009;4(11):1-11.

Hsu T, Hingley-Wilson SM, Chen B, Chen M, Dai AZ, Morin PM, Marks

CB, Padiyar J, Goulding C, Gingery M, et al. The primary mechanism of
attenuation of bacillus Calmette-Guerin is a loss of secreted lytic function
required for invasion of lung interstitial tissue. Proc Natl Acad Sci USA.
2003;14(100):12420-5.

Gagneux S, DeRiemer K, Van T, Kato-Maeda M, de Jong BC, Narayanan S,
Nicol M, Niemann S, Kremer K, Gutierrez MC, et al. Variable host-pathogen
compatibility in Mycobacterium tuberculosis. Proc Natl Acad Sci U S A.
2006.; 103 (8): 2869-73.

Gagneux S. Host-pathogen coevolution in human tuberculosis. Phil Trans
R Soc. 2012;367:850-9.

Kato-Maeda M, Bifani PJ, Kreiswirth BN, Small PM. The nature and con-
sequence of genetic variability within Mycobacterium tuberculosis. J Clin
Invest. 2001;107(5):533-7.

de Jong BC, Hill PC, Brookes RH, Gagneux S, Je ries DJ, out JK, Donkor
SA, Fox A, McAdam KP, Small PM, Adegbola RA. Mycobacterium africanum
elicits an attenuated T cell response to early secreted antigenic target,

6 kDa, in patients with tuberculosis and their household contacts. J Infect
Dis. 2006; 193: 1279-86.

Briken V, Miller J. Living on the edge: inhibition of host cell apoptosis by
Mycobacterium tuberculosis. Future Microbiol. 2008;3(4):15-22.


https://www.who.int/tb/publications/global_report/en/
https://www.who.int/tb/publications/global_report/en/

Yanti et al. BMC Res Notes

36.

37.

38.

39.

40.

(2020) 13:415

Keane J, Remold HG, Kornfeld H. Virulent Mycobacterium tuberculosis
strains evade apoptosis of infected alveolar macrophages. J Immunol.
2000;164(4):2016-20.

Riandeau CJ, Kornfeld H. THP-1 cell apoptosis in response to mycobacte-
rial infection. Infect Immun. 2003;71(1):254-9.

Dhiman R, Raje M Majmudar S. Di erential expression of NF-kB in myco-
bacteria infected THP-1 a ects apoptosis. Biochimica et Biophysica Acta.
2007; 1770: 649-658.

Zhang J, Jiang R, Takayama H, Tanaka Y. Survival of virulent Mycobac-
terium tuberculosis involves preventing apoptosis induced by Bcl-2
upregulation and release resulting from necrosis. Microbiol Immunol.
2005;49(9):845-52.

Li S, Ning L, Lou X, Xu G. Necroptosis in inflammatory bowel disease and
other intestinal diseases. World J Clin Cases. 2018;6(14):745-52.

41.

42.

Page 7 of 7

Welz PS, Wullaert A, Vlantis K, Kandylis V, Fernandez-Majad V, Ermalaeva

M, Kirsch P, Sterner-Kock A, Loo GV, Pasparakis M. FADD prevents RIP3-
mediated epithelial cell necrosis and chronic intestinal inflammation.
Natur. 2011:477:330-5.

Dannapel M, Vlantis K, Kumari S, Polykratis A, Kim C, Wachsmuth L, Eftychi
C, LinJ, CoronaT, Hermance N, et al. RIPK1 maintains epithelial homeosta-
sis by inhibiting apoptosis and necroptosis. Nature. 2014;513(7516):90—4.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional a liations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions






