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Introduction

Summary

Experimental models have shown that lipoproteins from Mpycobacterium
tuberculosis induce apoptosis via Toll-like receptor 2 (TLR2) in the THP-1
cell line and in monocyte-derived macrophages from healthy volunteers.
We found an increased percentage of circulating monocytes in patients
with tuberculosis (TB) in comparison to healthy controls. Patients with
TB showed a higher TLR2 and TLR4 expression density on monocytes,
and a higher proportion of TLR2* monocytes, as well as increased serum
tumour necrosis factor-a level. In culture, monocytes from TB patients
were more susceptible to death than monocytes from healthy controls.
Moreover, death-susceptible monocytes were positive to both TLR2 and
TLR4 at the start of culture. Freshly obtained monocytes from TB
patients exhibited cleaved caspase 9 and denaturalized cytochrome c. For
levels of caspase 8, apoptosis-regulating signal kinase 1, and phospho-p38
mitogen-activated protein kinase there was no difference between samples
from TB patients and from healthy controls. The culture filtrate antigen
extract from M. tuberculosis H37Rv strain induced the death of mono-
cytes from patient with TB after a 4-hr incubation, which was abrogated
by neutralizing antibodies for TLR2 but not TLR4. Similarly, Pam3CSK4,
a synthetic agonist triacylated ligand to TLR2, also induced the death of
monocytes, although it did not increase levels of cleaved caspase 9. Our
findings suggest that monocytes from TB patients are more susceptible to
death, probably through mitochondrial damage, and that cell death
increases in the presence of mycobacterial antigen by a TLR2-dependent
pathway.

Keywords: apoptosis; monocytes; Mycobacterium tuberculosis; Toll-like
receptor 2

bacterial ligands by TLR2 or TLR4 causes activation of
macrophages,™ which can control intracellular growth of

Human tuberculosis (TB) is an infectious disease caused
mainly by Mycobacterium tuberculosis, a slow-growing
pathogenic intracellular bacillus. The World Health Orga-
nization estimates 9-4 million new cases of clinical disease
and 1-3 million deaths each year; consequently, TB repre-
sents a serious public health problem." In the innate
immune system response against M. tuberculosis infection,
macrophages play an important role during the early
interaction with mycobacteria.> Human and murine mac-
rophages recognize mycobacteria via toll-like receptor
(TLR) proteins, which bind different mycobacterial
ligands such as lipoproteins.” The recognition of myco-

the bacilli by producing pro-inflammatory cytokines and
activating antimicrobial effector pathways.>® The interac-
tion of TLR4 and TLR2 with diverse mycobacterial
ligands triggers signalling that leads to activation of p38
mitogen-activated protein kinase (MAPK), apoptosis-reg-
ulating signal kinase 1 (ASK1) and p47phox pathways, as
well as production of pro-inflammatory cytokines in
human monocytes.”® There is evidence that the synthetic
bacterial lipopeptide Pam3CSK4 induces TLR2-mediated
apoptosis in the human pro-monocytic THP-1 cell line.’
Other studies have shown that a 19 000 molecular weight
(MW) M. tuberculosis lipoprotein induces apoptosis in
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differentiated cells of the THP-1 cell line and monocyte-
derived macrophages mediated by TLR2.'”'" The 19 000
MW lipoprotein-induced macrophage apoptosis is exerted
through a pathway involving caspase 8, but not caspase
9. Similarly, a 38 000 MW M tuberculosis lipoprotein
has been reported to be apoptogenic for human mono-
cyte-derived macrophages through TLR2."? In that study,
apoptosis was dependent on both caspase 8 and caspase
9, implicating tumour necrosis factor-a (TNF-o) and its
receptors TNFR1 and TNFR2, as well as Fas ligand and
its receptor Fas.'” These data strongly suggest that myco-
bacterial antigens induce apoptosis via TLR2 in mono-
cytes/macrophages from patients with TB. Our objective
was to examine monocytes from patients with TB with
respect to their percentage in peripheral blood, propor-
tion of cell death in the absence of stimulus, percentage
and density of TLR2 and TLR4 expression, evaluation of
apoptosis-related molecules, and cell death through myco-
bacterial antigens via TLR2.

Materials and methods

Patients

The study population consisted of 54 patients with active
TB, who were recruited from the Instituto Nacional de
Enfermedades Respiratorias Ismael Cosio Villegas in Mex-
ico City. Diagnosis of TB was based on clinical history,
physical examination, chest X-rays and identification of
acid-fast bacilli in sputum. In all the cases, the diagnosis
was confirmed by M. tuberculosis growth in sputum cul-
ture. Patients were classified as having TB class 3 category
I disease, according to the American Thoracic Society."?
The specific enrolment criteria were defined as adult indi-
viduals and absence of other diseases, such as multidrug-
resistant TB, human immunodeficiency, pulmonary
cancer or diabetes mellitus. The healthy control group
consisted of 44 unrelated healthy volunteers, who had
received the Mycobacterium bovis bacillus Calmette—Gué-
rin vaccine during childhood. General data from TB
patients and healthy controls are shown in Table 1. The
institutional Medical Ethics Committee approved the

Table 1. General data from healthy controls and patients with tuber-

culosis
Healthy controls Tuberculosis
(n = 44) patients (n = 54)
Age (years) 31+7 41 +17
Gender
Male 23 (52%) 29 (54%)
Female 21 (48%) 25 (46%)
Tuberculosis
Pulmonary - 51 (94%)
Pleural - 3 (6%)

study and all study participants provided written
informed consent.

Antibodies and reagents

Fluorescein isothiocyanate (FITC)-labelled mouse mono-
clonal antibodies (mAbs) to human CD14 (clone M5E2)
and HLA-DR, -DP, -DQ (clone Tii39); phycoerythrin
(PE)-labelled mAbs to CD86 (clone 2331/FUN-1) and
CD14 (clone M5E2); PE-Cy5-labelled mAb to HLA-A, -B,
-C (clone G46-2.6); AlexaFluor 488-labelled mAb to
TLR2 (TLR2/CD282) (clone 11G7); allophycocyanin-
labelled mAb to CD83 (clone HB15e); FITC-, AlexaFluor
488-, allophycocyanin-labelled mAbs (clone MOPC-21),
and PE-labelled mAb (clone MOPC-31C) isotype con-
trols; purified mAb (clone G155-178) as functional assay
isotype control; and 7-aminoactinomycin-D (7-AAD)
staining solution were purchased from BD Biosciences
Pharmingen (San Diego, CA). The PE-labelled mAb to
TLR4 (CD284) (clone HTA125) and functional blocking
purified mAbs to TLR2 (clone TL2.1) and TLR4 (clone
HTAI125) were acquired from eBioscience Inc. (San
Diego, CA). The PE-labelled mAb to CD80 (clone 2D10)
was from BioLegend (San Diego, CA). Tripalmitoylated-
CysSerLys4 (Pam3CSK4) lipopeptide, dipalmitoylated-
CGDPKHPKSEF fibroblast-stimulating lipopeptide-1 (FSL-1),
and lipomannan of Mycobacterium smegmatis (LM-MS)
were obtained from a human and mouse TLR2 agonist
kit from InvivoGen (San Diego, CA). Mouse mAbs to
human caspase 8 (clone 84131.11), caspase 9 (clone
LAP6) and denaturalized cytochrome ¢ (clone 7H8.2C12);
sheep polyclonal antibodies to human ASK1; rabbit poly-
clonal antibody to human phospho-p38x MAP14-kinase;
horseradish peroxidase-labelled goat anti-IgG rabbit and
anti-IgG mouse polyclonal antibodies were acquired from
R&D Systems Inc. (Minneapolis, MN). Glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) was acquired from
Invitrogen Co. (Camarillo, CA). A CD14" cells positive
isolation kit in a magnetic antibody cell sorting (MACS)
system was acquired from Miltenyi Biotec (Bergisch Glad-
bach, Germany). Lymphoprep (Ficoll 1.077 density) was
from Axis-Shield PoC As (Oslo, Norway). RPMI-1640
culture medium, trypan blue dye, p-formaldehyde, BSA
fraction V, SDS, Tween 20, glycine, and salt reagents were
all obtained from Sigma-Aldrich (St Louis, MO). Lae-
mmli sample buffer for SDS-PAGE was acquired from
Bio-Rad Laboratories (Hercules, CA). Sodium pyruvate,
L-glutamine and 2-mercaptoethanol were from Gibco BRL
(Rockville, MD) and penicillin/streptomycin solution was
from In Vitro (Mexico City, Mexico). Fetal calf serum
was from Hyclone Laboratories Inc. (Logan, UT). Culture
filtrate antigen extract (CFAE) from M. tuberculosis
H37Rv strain (ATCC 27294) was kindly provided by Dr
Diana Aguilar, Instituto Nacional de Ciencias Médicas y
de la Nutricién Salvador Zubiran in Mexico City.
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Preparation of mycobacterial antigen

The CFAE from M. tuberculosis was obtained according to
standard procedures. Briefly, bacteria were grown at 37° in
Middlebrook 7H9 medium enriched with OADC (Difco
Laboratories Inc., BD Diagnostic Systems, Detroit, MI)
until the mid-logarithmic phase. Two rounds of filtration
through 0-45-pum and 0-22-pm pore-size membranes (Mil-
lipore Corp., Billerica, MA) removed the bacillary material,
the protein concentration was adjusted to 2 mg/ml and
samples were stored at —20° until required.

Cells

Peripheral blood mononuclear cells (PBMC) were isolated
from 30 ml heparinized whole blood by Ficoll density
gradient centrifugation for 30 min at 500 g and 16°.'*
After centrifugation, the interface cells were collected,
washed three times in PBS (0-01 M sodium phosphate,
0-15 M sodium chloride, pH 7-2) and counted in a Neu-
bauer chamber, determining cellular viability by trypan
blue dye exclusion method.

Cell surface marker staining

The percentage of CD14 expression versus CD80, CD83,
CD86, HLA-A, -B, -C, HLA-DR, -DP, -DQ, TLR2, and
TLR4 expression in PBMC was analysed by double or triple
immunofluorescence. Briefly, PBMC were suspended in PBS
containing 0-2% BSA and 0-2% sodium azide (PBS-BSA
buffer) and stained with fluorescent mAbs against the respec-
tive molecules for 15 min at 4°. After incubation, cells were
washed twice in PBS-BSA bulffer, fixed in 1% p-formalde-
hyde in PBS, and acquired with a FACSCalibur flow cytome-
ter (BD Biosciences, San Jose, CA). In each case, 10 000
events were counted in linear mode for side scatter and log
amplification for CD14 expression. Then, CD14" cells were
gated and analysed by cell surface molecule expression as
described above. Fluorochrome-labelled isotype-matched
control mAbs were used to evaluate background staining.

Purification of monocytes

The PBMC were suspended in PBS supplemented with
0-5% BSA and 2mm EDTA at a concentration of
1 x 107 cells/0-1 ml and were incubated with microbeads
coated with antibodies to CD14 in a MACS system. The
purity percentage of CD14" cells isolated from PBMC
was always > 90%, as measured by flow cytometry using
FITC-labelled or PE-labelled anti-human CD14 mAbs.

Assessment of cell death

Purified CD14" cells (1 x 10°) were cultured without
stimulus in 96-well flat-bottomed cell culture plates with

ultra-low attachment surface (Costar Inc., Lowell, MA) in
100 ul RPMI-1640 culture medium supplemented with
1 mm sodium pyruvate, 2 mum L-glutamine, 50 UM 2-mer-
captoethanol, 100 IU/ml penicillin, 100 pg/ml streptomy-
cin and 10% heat-inactivated fetal calf serum for 24 and
48 hr at 37° in a humidified atmosphere containing 5%
CO,. Ending the culture, cells were harvested, washed in
PBS, and incubated with 3 pl 7-AAD solution for 20 min
at 4° in the dark. The percentage of dead cells was mea-
sured through 7-AAD staining by flow cytometry. The
percentage of cell death was calculated as follows: '

% death rate
100 x (% cell death at 24 or 48 hr — % cell death at 0 hr)
N 100 — % cell death at 0 hr

In another analysis, monocytes were stimulated with
either 20 pg/ml CFAE from M. tuberculosis strain H37Rv
or agonist ligands to TLR2, 0-5 pg/ml FSL-1 or
Pam3CSK4 synthetic lipopeptide, or 5 ng/ml LM-MS dur-
ing 4 hr under the same conditions. To establish the opti-
mal dose of mycobacterial protein, antigen-induced cell
death experiments were also carried out over a 4-hr per-
iod using from 10 to 50 pg/ml CFAE from M. tuberculo-
sis. The percentage of antigen-induced specific death was
calculated in similar way to that indicated above; where
% specific death = 100 x (% cell death in the presence of
CFAE — % cell death in the absence of CFAE)/(100 — %
cell death in the absence of CFAE).

To inhibit antigen-induced monocyte death, cells were
incubated with 3 pg TLR2-blocking mAb or 1 ng TLR4-
blocking mAb for 20 min before mycobacterial antigen.
The optimal dose of mAb to block TLRs was obtained by
staining cells with fluorescent mAb to TLR2 or TLR4
after incubating with different protein concentrations of
TLR-blocking mAbs. The absence of staining on mono-
cytes pointed out the optimal dose of TLR2 or TLR4
blocking mAb. Isotype-matched mAbs to unrelated mole-
cules were used as experimental controls.

Western blot

Purified CDI14" cells (1 x 10°) were stimulated with
mycobacterial antigen in the presence or absence of TLR2
blocking mAbs for 4 hr at 37° in a humidified atmo-
sphere containing 5% CO,. In another analysis, cells were
stimulated with agonist ligands to TLR2, Pam3CSK4,
FSL-1 or LM-MS, under the same conditions. After stim-
ulation, cells were washed once with ice-cold PBS and
lysed in Laemmli sample buffer (Bio-Rad). All cellular
protein extracts were separated by SDS-PAGE and trans-
ferred to 0-45-pm pore-size PVDF Immobilon-P mem-
branes (Millipore Corp.) with 25 mm Tris-base (pH 8-0)
containing 150 mm glycine and 20% (volume/volume)
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methanol.'® Membranes were blocked with 1% BSA in
PBS and individually incubated with antibodies to caspase
8, caspase 9, denaturalized cytochrome ¢, ASK1 and phos-
pho-p38a. Membranes were then washed twice with 0-5%
Tween-20 in PBS. Protein bands were detected by incu-
bating with horseradish peroxidase-labelled antibodies
and visualized with enhanced chemiluminescence reagent
(Thermo Scientific, Pierce Biotech., Rockford, IL) using a
Kodak Biomax MR Film (Carrestream Health Inc.
Rochester, NY). Band densities in the film were analysed
by densitometry using the macer 1.39c software (http://
rsd.info.nih.gov/ij) as described by Miller (http://
www.lukemiller.or/journal/2007/08/quantifying-western-
blots-without.html).

Statistical analysis

Data were evaluated by GRAPHPAD PRiSM 5 software (La Jo-
lla, CA), using a Shapiro—Wilk test to discover population
distributions. Student’s #-test was performed for compari-
son of variables that were symmetrically distributed, and
values are shown as mean + standard deviation (SD). To
compare groups, an analysis of variance test followed by
Bonferroni’s multiple comparison test was performed.
Differences between groups were considered statistically
significant at P < 0-05.

Results

monocytes in TB patients (Fig. 1a), which showed a sig-
nificant statistical difference compared with cells from
healthy controls (18-9 + 10-6% versus 9-3 £ 4-1%, respec-
tively, P = 0-0005) (Fig. 1b). We also observed that
monocytes from some TB patients exhibited a higher cell
granularity than monocytes from healthy controls
(Fig. 1a), which suggested a cell activation status. For this
reason, we measured CD80, CD83, CD86, HLA-A, -B, -
C, and HLA-DR, -DP, -DQ expression in freshly
obtained monocytes, but no difference was found
between study groups (Table 2). These data indicate that
TB patients have an increased number of peripheral
blood monocytes.

Increased percentage and expression density of TLR2*
monocytes in TB patients

We next analysed the phenotype of monocytes from TB
patients, evaluating TLR2 and TLR4 expression, which
has been associated with the immune response to
M. tuberculosis.”'” An important dissimilarity was found
in the TLR2 expression; the percentage of TLR2" cells in
gated CD14" cells from TB patients was 1-4 times
greater than in those cells from healthy controls

Table 2. Expression of activation molecules on monocytes

Molecule Healthy controls Tuberculosis patients
Increased percentage of peripheral blood monocytes CD80 39 + 23 27 £ 10
in TB patients CD83 0.2 + 0.005 0.3 +0.2
) ) . ) CD86 69 % 16 71 %3
First, we .assessecll the propottlon of CD14 cell.s in PBMC HLA-DR, DP, DQ 33+ 11 46 + 8
from patients with TB and in healthy control individuals. HLA-A, B, C 90 + 12 91 + 18
The percentage of circulating monocytes was found to be
increased, there was a twofold increase in the number of The numbers denote mean percentage + SD.
Healthy control TB patient (b)
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Figure 1. Cells from patients with tuberculosis (TB) show an increased percentage of monocytes. Freshly obtained peripheral blood mononuclear

cells (PBMC) were incubated with FITC-labelled antibodies to human CD14 and analysed by flow cytometry. (a) Representative contour plot for

side scatter and CD14 expression in PBMC from healthy controls and TB patients. Percentage is shown in gated CD14" cells. (b) Proportion of
CD14" cells from 41 healthy controls and 51 TB patients. The bars denote mean * standard deviation. The P-value of the difference between TB

patients and healthy controls is shown.
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Figure 2. Monocytes from patients with tuberculosis (TB) display increased percentage and expression density to Toll-like receptor 2 (TLR2).

Monocytes were isolated from peripheral blood mononuclear cells by magnetic bead-labelled antibodies, incubated with AlexaFluor 488-labelled

antibodies and analysed by flow cytometry. (a) Representative contour plot for TLR2 versus CD14 expression in cells from healthy controls
(upper panel) and TB patients (lower panel). (b) Representative histogram for TLR2 expression in cells from healthy controls (thin line) and TB
patients (thick line). Dotted line indicates the background level of cells incubated with isotype-matched control antibody. (c) Proportion of
TLR2" CD14" cells from 41 healthy controls and 51 TB patients. (d) Mean fluorescence intensity (MFI) to TLR2 expression in cells from healthy
control and TB patients. The bars denote mean * standard deviation. The P-value of the difference between TB patients and healthy controls is

shown.

(77-4 £ 22:7% versus 541 £ 28-5%, respectively, P =
0-003) (Fig. 2a,c). In addition, mean fluorescence inten-
sity (MFI) to TLR2 was also higher in monocytes from
TB patients in comparison to cells from healthy controls
(28-9 MFI * 21-8 versus 16-8 MFI * 12-5, respectively,
P =0-03) (Fig. 2b,d). However, there was no difference
in the percentage of TLR4" monocytes between both
study groups. Whereas 41 + 25-6% of monocytes were
TLR4" in patients, 36 + 28% corresponded to those cells
in healthy controls (Fig. 3a,c). On the contrary, as
observed in Fig. 3(b,d), MFI to TLR4 exhibited an
increase in monocytes from TB patients (19 + 17) in
comparison to cells from healthy controls (10 £ 6) that

© 2011 The Authors. Immunology © 2011 Blackwell Publishing Ltd, Immunology, 135, 299-311

was statistically significant (P = 0-02). Interestingly, the
percentage of TLR2" monocytes was 1:9-fold higher than
that of TLR4" monocytes in TB patients (77-4 + 22:7%
versus 41 + 25-6%, respectively), showing a significant
difference (P = 0-0001) (Fig. 4a). Likewise, TLR2 expres-
sion was 1-5-fold higher than TLR4 expression in mono-
cytes from TB patients (28-9 MFI + 21-8 versus 19 * 17,
respectively; P = 0-01) (Fig. 4b). The data showed that
patients with TB have a greater percentage of TLR2"
monocytes and a greater expression density of TLR2 and
TLR4 than healthy controls. In addition, TLR2 expres-
sion was higher than TLR4 expression in the cells from
TB patients.
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Figure 3. Monocytes from patients with tuberculosis (TB) show increased expression density to Toll-like receptor 4 (TLR4). Monocytes were iso-

lated from peripheral blood mononuclear cells by magnetic bead-labelled antibodies, incubated with AlexaFluor 488-labelled antibodies and anal-

ysed by flow cytometry. (a) Representative contour plot for TLR4 versus CD14 expression in cells from healthy controls (upper panel) and TB

patients (lower panel). (b) Representative histogram for TLR4 expression in cells from healthy controls (thin line) and TB patients (thick line).
Dotted line indicates the background level of cells incubated with isotype-matched control antibody. (c) Proportion of TLR4" CD14" cells from
41 healthy controls and 51 TB patients. (d) Mean fluorescence intensity (MFI) to TLR4 expression in cells from healthy controls and TB patients.

The bars denote mean =+ standard deviation. The P-value of the difference between TB patients and healthy controls is shown.

Increased percentage of death in monocytes from TB
patients

To obtain insights about the death of circulating monocytes
in TB patients, we evaluated this in cell culture for 24 and
48 hr in the absence of stimulus. The percentage death of
freshly purified monocytes at the beginning of culture was
34+ 1-:0% in healthy controls and 49 £ 1-9% in TB
patients. Although, an increased death of monocytes from
TB patients was observed at 24 hr, there was no significant
difference in the comparison between TB patients and
healthy controls (4-5 + 1-9% versus 1-2 + 1-2%, respec-
tively) (Fig. 5). This observed increase in cell death was
only statistically significant until 48 hr of culture
(P = 0-01). The rate of monocyte death in patients with TB
was 2-5-fold greater than that of cells from healthy controls

(7-0 £ 2:9% versus 2-7 = 0-5%, respectively). Under the
same conditions, dying cells were positive to both TLR2
and TLR4 at the beginning of culture; but after 48 hr, the
damaged cells corresponded to TLR2™ TLR4™ cells (Fig. 6).
Although, it was less in healthy controls than in TB patients
(Fig. 5), the type of cells undergoing death was similar in
both study groups. Interestingly, TLR2 or TLR4 single-
positive cells survived throughout the culture (Fig. 6).
These results point out that TLR2" TLR4" monocytes from
TB patients were more susceptible to death.

Monocyte death in TB patients because of
mycobacterial antigen via TLR2

We evaluated the phenomenon of cell death induced by
TLR2, because our results indicate that there is an

304 © 2011 The Authors. Immunology © 2011 Blackwell Publishing Ltd, Immunology, 135, 299-311
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Figure 4. Percentage and expression density of Toll-like receptor 2 (TLR2) is higher than TLR4 in monocytes from patients with tuberculosis
(TB). Monocytes were isolated from peripheral blood mononuclear cells by magnetic bead-labelled antibodies, incubated with AlexaFluor 488-
labelled antibodies and analysed by flow cytometry. (a) Proportion of TLR2" and TLR4" monocytes. (b) Mean fluorescence intensity (MFI) to
TLR2 and TLR4 in monocytes. Circles represent the measure of TLR2 or TLR4 in monocytes from each TB patient. The bars denote
mean + standard deviation. The P-value of the difference between groups is indicated.
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Figure 5. Monocytes from patients with tuberculosis (TB) show increased death rate in the absence of mycobacterial antigen. Monocytes were
isolated from peripheral blood mononuclear cells by magnetic beads-labelled antibodies, and incubated with culture medium alone for 24 or
48 hr at 37°. After the culture, cells were stained by 7-aminoactinomycin-D (7-AAD) and analysed through flow cytometry. (a) Representative
contour plots for forward scatter versus 7-AAD-stained cells from healthy controls (right panels) or TB patients (left panels). (b) The bars denote
cell death rate in cells from healthy control patients (open bars) or TB patients (hatched bars). The P-value of the difference between bars is

shown, n = 3.

increase in TLR2 expression in monocytes from TB incubated with the medium alone (7-9 % 3-5% versus
patients, and because other groups have demonstrated 8-3 + 5-3%, respectively). Hence, this cell death percent-
that TLR2 is linked to cell death induced by mycobacte- age was taken as the background rate when calculating
rial antigen in in vitro models.''>'® Purified monocytes the death rate caused specifically by stimulating CFAE.
were incubated with CFAE in the presence or absence of With this calculation, CFAE-incubated monocytes from
either anti-TLR2 or anti-TLR4 mAbs. No difference was TB patients showed a cell death rate 3-1-fold higher than
observed between the percentage of death affecting cells from healthy controls (Fig. 7); the difference was statisti-
from TB patients and those from healthy controls, when cally significant (7-2 + 1.9% versus 2-3 = 1-6%, respec-
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Figure 6. Monocytes positive to both Toll-like receptor 2 (TLR2) and TLR4 are cells in the death process. Monocytes were isolated from periph-
eral blood mononuclear cells by magnetic bead-labelled antibodies and stained by triple fluorescence before and after being cultured without
stimulus for 24 or 48 hr at 37°. Cells were stained by AlexaFluor 488-labelled monoclonal antibody to TLR2, phycoerythrin (PE) -labelled mono-
clonal antibody to TLR4, and 7-aminoactinomycin-D (7-AAD) followed by flow cytometry analysis. Cells positive to 7-AAD were gated from
contour plot for forward scatter versus 7-AAD staining (left panel), and analysed by TLR2 and/or TLR4 expression in healthy controls (medium

panels) and patients with tuberculosis (TB) (right panel). Symbols represent the mean and standard deviation of cell subsets, n = 3.
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Figure 7. Monocytes from patients with tuberculosis (TB) undergo
death induced through mycobacterial antigen via Toll-like receptor 2
(TLR2). Monocytes were isolated from peripheral blood mononu-
clear cells by magnetic bead-labelled antibodies, and incubated with
culture filtrate antigen extract (CFAE) from Mycobacterium tubercu-
losis H37Rv strain in the presence or absence of anti-TLR2 or anti-
TLR4 antibodies for 4 hr at 37°. The bars denote cell death rate in
cells from healthy controls (open bars) or TB patients (hatched
bars). The P-value of the difference between bars is shown, n = 5.

tively, P =0-01). As expected, when cells from TB
patients were incubated with CFAE in the presence of
anti-TLR2 mAD, the cell death rate diminished signifi-
cantly, 3-4-fold (P = 0-01), which was not observed in the
presence of either anti-TLR4 mAb or isotype-matched
control antibody (Fig. 7). Regarding healthy control cells
no difference was observed under any of the conditions
tested. These data indicate that mycobacterial antigens
increase death of monocytes from patients with TB by a
TLR2-dependent pathway, but not through TLR4.

Monocytes from TB patients were positive to cleaved
caspase 9 and denaturalized cytochrome c

To clarify whether monocyte death occurred through
extrinsic or intrinsic pathways, we evaluated, by Western
blot, the intracellular level of caspase 8 and caspase 9 in
monocytes incubated for 4 hr in the presence or absence
of CFAE and/or anti-TLR2 mAbs. The results showed
unexpectedly a thick band corresponding to cleaved cas-
pase 9 in TB patient cells incubated with the medium
alone (Fig. 8a), which apparently diminished in the pres-
ence of CFAE or CFAE plus anti-TLR2 mAb, but the sta-
tistical analysis did not show any difference (Fig. 8c). In
contrast, the sample from healthy controls exhibited a
very thin band for cleaved caspase 9, which did not
change in any of the tested conditions (Fig. 8a,c). To con-
firm mitochondrial injury by the intrinsic pathway, cyto-
chrome ¢ was evaluated by using an antibody that
recognizes the denaturalized shape. We found high levels
of denaturalized cytochrome ¢ in samples from TB
patients, and, contrary to caspase 9, the use of anti-TLR2
mAb had no effect, suggesting persistence of mitochon-
drial damage (Fig. 8a,b). Although in Fig. 8(a), cleaved
caspase 8 is not observed, the density analysis showed
background levels of this protein, with no difference
between samples from TB patients and from healthy con-
trols (Fig. 8d).

Monocytes from patients with TB are exposed to high
levels of serum TNF-a but show levels of ASK1 and
phospho-p38 MAPK similar to healthy control
monocytes

Yuk et al. demonstrated that M. bovis BCG stimulation in
macrophages results in secretion of TNF-o in a TLR2-
dependent and TLR4-dependent manner, which leads to
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Figure 8. Monocytes from patients with tuberculosis (TB) exhibit cleaved caspase 9 and denaturalized cytochrome c¢. Monocytes from TB patients
or healthy controls, were isolated from peripheral blood mononuclear cells by magnetic bead-labelled antibodies. (a) Western blot for pro-caspase
8, cleaved caspase 8, pro-caspase 9, cleaved caspase 9, and denaturalized cytochrome ¢ of the supernatants of monocyte lysates after stimulation
with medium alone or culture filtrate antigen extract (CFAE) from Mycobacterium tuberculosis H37Rv strain in the presence or absence of anti-
Toll-like receptor 2 (TLR2) antibodies for 4 hr at 37°. Total protein was determined and glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
was used as a loading control. (b—d) Band densities of denatured cytochrome ¢, cleaved caspase 9, and cleaved caspase 8 in the Western blots
were normalized against GAPDH by densitometry analysis. Results are shown in relative units of concentration using the 1MAGEy 1.39¢ software
in samples from healthy controls (open bars) and TB patients (hatched bars). Each bar represents the mean + SD of three independent experi-

ments.

activation of ASK1 upstream of the p38 MAPK.' Hence,
we decided to assess whether this pathway is triggered in
monocytes from TB patients after incubation for 4 hr in
the presence or absence of CFAE and/or anti-TLR2 mADb.
Although we found increased TNF-a levels in serum from
TB patients (1-4 + 1-4 pg/ml versus 0-2 + 0-08 pg/ml,
P =0-0001) (Fig. 9d) no difference was observed in either
ASK1 or phospho-p38ua levels (Fig. 9a—c). These observa-
tions suggest that even though monocytes from TB
patients are exposed to high concentrations of serum
TNF-a, this does not affect the levels of ASK1 and phos-
pho-p38 MAPK in the cytoplasm.

Pam3CSK4 synthetic lipopeptide induces monocyte
death but does not increase caspase 9 level

To examine whether agonist ligands to TLR2 increase the
cleaved caspase 9 level, monocytes were stimulated with
either Pam3CSK4 or FSL-1 or LM-MS for 4 hr. As shown
in Fig. 10a, the Pam3CSK4 synthetic lipopeptide induced

a cell death comparable to that caused by CFAE on TB
patient-monocytes. In contrast, the FSL-1 diacylated
ligand induced a fivefold lower rate of cell death than the
Pam3CSK4 triacylated ligand (1-0 + 1.0% versus 5-0 &
1-0%, respectively), which was statistically significant
(P =0-04). The LM-MS had no effect on TB patient
monocytes, but, in monocytes from healthy controls the
cell death rate was similar to that for FSL-1-induced
death (Fig. 10a). On the other hand, the stimulation of
monocytes by Pam3CSK4, FSL-1, or LM-MS showed pro-
caspase 9 levels only in the group of healthy controls
(Fig. 10b). Conversely, in unstimulated monocytes from
healthy controls, the cleaved caspase 9 level was undetect-
able, whereas a thick band was observed in TB patients
(Fig. 10b). Although to a minor extent for samples from
healthy controls, the protein density analysis in Western
blot revealed that cleaved caspase 9 levels were similar in
any of the conditions tested in both study groups
(Fig. 10c,d). Neither denaturalized cytochrome ¢ levels
nor cleaved caspase 8 levels showed differences after
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Figure 9. Monocytes from patients with tuberculosis (TB) patients and healthy controls exhibit similar apoptosis-regulating signal kinase 1
(ASK1) and phospho-p38 mitogen-activated protein kinase (MAPK) levels in spite of exposure to high levels of serum tumour necrosis factor-o
(TNF-a). Monocytes from TB patients or healthy controls were isolated from peripheral blood mononuclear cells by magnetic beads-labelled anti-
bodies. (a) Western blot for ASK-1 and phospho-p38 MAPK of the supernatants of monocyte lysates after stimulation with medium alone or cul-
ture filtrate antigen extract (CFAE) from Mycobacterium tuberculosis H37Rv strain in the presence or absence of anti-Toll-like receptor 2 (TLR2)
antibodies for 4 hr at 37°. Total protein was determined and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as a loading control.
(b, ¢) Band densities of ASK-1 and phospho-p38 MAPK in the Western blots were normalized against GAPDH by densitometry analysis. Results
are shown in relative units of concentration using the 1MAGEJ 1.39¢ software in samples from healthy controls (open bars) and TB patients
(hatched bars). Each bar represents the mean + SD of three independent experiments. (d) TNF-o concentration in sera from 41 healthy controls

and 51 TB patients. The P-value of the difference between TB patients and healthy controls is shown.

monocyte stimulation with any of the aforementioned
ligands to TLR2 (data not shown). These findings indicate
that monocyte death is augmented by addition of
Pam3CSK4 triacylated lipopeptide, which did not cause
modification in cleaved caspase 9 levels.

Discussion

Innate immune defence mechanisms cooperate to eliminate
infected cells but M. tuberculosis uses strategies to prevent
macrophage apoptosis and the balance between survival
and death in macrophages can determine the outcome of
infection. However, these pathways still remain poorly
understood in cells from TB patients. In this study we
found a significant increase of peripheral blood monocytes
in TB patients. This result is consistent with observations
from Sénchez et al. and Janols et al.?>?!, who reported an

increase of circulating monocytes in TB patients in both
percentage and absolute numbers, respectively. However,
Sanchez et al.”® showed also a decreased expression of
HLA-DR using an anti-HLA-DR mAb in monocytes from
TB patients, which we did not find; perhaps, this difference
is because we used an antibody recognizing the three major
isoforms of HLA class II molecules (HLA-DR, -DP, -DQ).

Concerning TLR2 in monocytes from TB patients, we
found an increased proportion of TLR2" monocytes
(77-4%) in patients with pulmonary tuberculosis. In con-
trast, another group reported approximately 50% of
monocytes expressing TLR2 in patients with tuberculous
pleuritis.”* The percentage difference might be the result
of factors such as tuberculosis type or M. tuberculosis vir-
ulence. In this regard, Rocha-Ramirez et al.® showed that
lipid fractions can regulate TLR2 and TLR4 expression
depending on the virulence grade of bacteria.
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Figure 10. The synthetic lipopeptide Pam3CSK4 induces monocyte death but does not increase caspase 9 levels. Monocytes were isolated from

peripheral blood mononuclear cells by magnetic bead-labelled antibodies, and cultured in the presence or absence of mycobacterial antigen (using

culture filtrate antigen extract; CFAE) from Mycobacterium tuberculosis H37Rv strain or agonist ligand to Toll-like receptor 2 (TLR2)
[Pam3CSK4, fibroblast-stimulating lipopeptide-1 (FSL-1), and lipomannan of Mycobacterium smegmatis (LM-MS)] for 4 hr at 37°. (a) Graphic
showing death rate percentage in cells from healthy control (open bars) or patients with tuberculosis (TB) (hatched bars). The P-value of the dif-

ference between bars is shown, n = 3. (b) Western blot for pro-caspase 9, and cleaved caspase 9 of the supernatants of monocyte lysates after

stimulation with medium alone, or CFAE, or ligands to TLR2. Total protein was determined and glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) was used as a loading control. (¢, d) Graphics representing band densities of cleaved caspase 9 in the Western blots normalized against

GAPDH by densitometry analysis. Results are shown in relative units of concentration using the 1MaGEey 1.39¢ software in samples from healthy

controls (open bars) and TB patients (hatched bars). Each bar represents the mean + SD of three independent experiments.

When we compared density expression, both TLR2
and TLR4 were significantly higher in monocytes from
TB patients than in those cells from healthy controls.
Moreover, the proportion of TLR2" monocytes was
higher than that of TLR4" monocytes in TB patients.
These data suggest a strong association between TRL2
expression and tuberculosis disease. It has been shown
that TLR2-deficient mice succumb to M. tuberculosis
infection,” and that, human TLR2 polymorphism is
associated with susceptibility to tuberculosis.”>** How-
ever, the role of TLR2 in the protective immune response
to tuberculosis remains controversial, because other
authors have shown a TLR2-independent immune
response to M. tuberculosis infection models.””?® It has
been demonstrated that TLR2 is required for the produc-
tion of diverse cytokines, for example interleukin-12,

© 2011 The Authors. Immunology © 2011 Blackwell Publishing Ltd, /Immunology, 135, 299-311

TNF-o. and interleukin-6, in response to diverse myco-
bacterial antigens in human monocytes or murine mac-
rophages.””*° However, different mycobacterial antigens
can also induce apoptosis by TLR2 in either a human
THP-1 monocytic line or monocyte-derived macrophag-
es.'%7'>% We found that the mycobacterial antigens from
M. tuberculosis H37Rv strain caused a 7-2% death rate in
circulating monocytes from TB patients, which was abro-
gated by neutralizing antibodies for TLR2 but not TLR4.
Our results suggest that mycobacterial antigens to TLR4
are not involved in inducing cell death in human
tuberculosis.

An interesting finding from our study is that freshly
obtained monocytes from TB patients showed denatural-
ized cytochrome ¢ and cleaved caspase 9 levels in the
absence of mycobacterial antigens. In contrast, we did
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not observe this difference when cleaved caspase 8 levels
were analysed in the presence or absence of mycobacte-
rial antigen and anti-TLR2 mAb, probably because the
level of capase 8 comes from background cell death.
Caspases are cytoplasmic cysteine proteases synthesized
as zymogens (pro-caspases), which turn into active
enzymes (cleaved caspases) after a limited proteolysis.”"
Activated caspase 8 or caspase 9, in turn, cleaves effector
pro-caspases propagating the death signalling cascade.
The presence of cleaved caspase 8 corresponds to intra-
cellular signalling from the apoptosis extrinsic pathway,
whereas cleaved caspase 9 and cytochrome c levels are
associated with mitochondrial injury (intrinsic path-
way).”! Hence, levels of activated caspase 9 and cyto-
chrome ¢ in monocytes from patients with TB suggest a
pre-apoptotic primed status, which is also suggested by
the percentage of cell death that occurs during the 24—
48 hr of culture in the absence of antigen. Perhaps this
pre-apoptotic status induces monocytes from TB patients
to respond rapidly to TLR2 ligation with CFAE, leading
to cell death that is avoided by neutralizing antibodies
for TLR2. Moreover, the cleaved caspase 9 level in
unstimulated monocytes from TB patients was similar to
that obtained for cells stimulated with CFAE or distinct
agonist ligands to TLR2 (Figs 8 and 10). Similar results
were observed when we analysed the denaturalized cyto-
chrome ¢ levels, which persisted under the same condi-
tions. In contrast, the denaturalized cytochrome ¢ and
cleaved caspase 9 values in samples from healthy con-
trols indicated a minimal level, which supports our pre-
vious result of low percentage of cell death at 24 or
48 hr of culture. Taken together, our results suggest the
persistence of mitochondrial damage and activated cas-
pase 9 interactions with other apoptotic process mole-
cules.’

An important point that should be considered in our
results is the standard deviation, which, although minimal
in healthy controls, reached high values in samples from
TB patients and showed great dispersion, perhaps because
of intrinsic factors in the immune response.

In addition, the majority of unstimulated cells that
were damaged at the beginning of culture corresponded
to TLR2" TLR4" monocytes in both patients and con-
trols. Our results suggest that interaction between TLR2-
mediated signalling pathways and TLR4-mediated signal-
ling pathways are involved in monocyte death, perhaps in
the same way as reported in an M. tuberculosis infection
model of murine macrophage lines.””

Based on reports indicating that 19 000 MW and
38 000 MW M. tuberculosis lipoproteins cause activation
of caspase 8 and caspase 9 in both THP-1 cells and
monocyte-derived macrophages through TLR2,'®"? we
decided to evaluate whether a TLR2-dependent cell death
pathway occurs in TB patient monocytes stimulated with

mycobacterial antigens. Our results regarding activated
caspase 8 levels were equivalent in samples from both TB
patients and healthy controls; hence, caspase 8 does not
seem to be required initially for death by TLR2 in mono-
cytes from TB patients. On the other hand, cell death is
prevented by the anti-TLR2 mAb decreasing cleaved cas-
pase 9 levels, which suggests that caspase 9 is associated
with TLR2-dependent cell death induced by antigens from
M. tuberculosis.

Several authors have reported activation of ASK1 and
p38 MAPK through TLR2 signalling in human primary
monocytes stimulated with purified protein derivative
tuberculin or murine macrophages stimulated with
M. bovis BCG.>" Likewise, a previous report suggests that
TNF-a plays an important role in the induction of
macrophage apoptosis.’® For this reason, we examined
concentrations of phospho-p38 MAPK and ASKI in
monocytes from patients with TB. However, no difference
was observed in any conditions tested in spite of high
serum TNF-o levels in patients with TB (Fig. 9).

Finally, another finding was that both CFAE and
Pam3CSK4 induced the death of monocytes from TB
patients in a similar way, whereas FSL-1 showed only a
slight effect. This outcome could be the result of the abil-
ity of the cytoplasmic TLR2 domain to form functional
heterodimeric complexes with TLR6 or TLR1.> Previous
reports have shown that Pam3CSK4 is a synthetic triacy-
lated lipopeptide recognized by the TLR2/TLRI hete-
rodimer,’® whereas FSL-1 (Pam2CGDPKHPKSF) is a
synthetic diacylated lipopeptide recognized by the TLR2/
TLR6 heterodimer.”” These data suggest that triacylated
lipopeptides from M. tuberculosis increase the death pro-
cess in monocytes from TB patients.

Our report offers new insight into the cell death of
monocytes from TB patients; probably, these cells have
undergone mitochondrial injury, leading to a constant
release of cytochrome ¢ and production of cleaved caspase
9, thereby becoming more susceptible to death.
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