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Induction of apoptosis in monocytes by Mycobacterium leprae in vitro:
a possible role for tumour necrosis factor-o
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SUMMARY

A diverse range of infectious organisms, including mycobacteria, have been reported to induce cell
death in vivo and in vitro. Although morphological features of apoptosis have been identified in
leprosy lesions, it has not yet been determined whether Mycobacterium leprae modulates
programmed cell death. For that purpose, peripheral blood mononuclear cells obtained from
leprosy patients were stimulated with different concentrations of this pathogen. Following analysis
by flow cytometry on 7AAD/CD147 cells, it was observed that M. leprae induced apoptosis of
monocyte-derived macrophages in a dose-dependent manner in both leprosy patients and healthy
individuals, but still with lower efficiency as compared to M. tuberculosis. Expression of tumour
necrosis factor-oo (TNF-a), Bax-o, Bak mRNA and TNF-o protein was also detected in these
cultures; in addition, an enhancement in the rate of apoptotic cells (and of TNF-a release) was noted
when interferon-y was added to the wells. On the other hand, incubation of the cells with
pentoxifylline impaired mycobacterium-induced cell death, the secretion of TNF-o, and gene
expression in vitro. In addition, diminished bacterial entry decreased both TNF-o levels and the
death of CD14" cells, albeit to a different extent. When investigating leprosy reactions, an
enhanced rate of spontaneous apoptosis was detected as compared to the unreactive lepromatous
patients. The results demonstrated that M. leprae can lead to apoptosis of macrophages through a
mechanism that could be at least partially related to the expression of pro-apoptotic members of the
Bcl-2 protein family and of TNF-a.. Moreover, while phagocytosis may be necessary, it seems not to
be crucial to the induction of cell death by the mycobacteria.

INTRODUCTION

Apoptosis is a genetically regulated form of cell death that plays
an essential role in a variety of biological events, such as
morphogenesis, and in pathologies like cancer, human immu-
nondeficiency virus (HIV) infection, and others. Proteins from
the Bcl-2 family are capable of determining the life or death of a
cell by controlling the release of mitochondrial apoptogenic
factors. This family consists of anti-apoptotic members, such as

Received 18 July 2002; revised 19 December 2002; accepted 6
February 2003.

{Present address: Laboratory of Bacteriology, Research Center
Evandro Chagas Hospital, Oswaldo Cruz Foundation, Fiocruz, Brazil.

Correspondence: Dr E. P. Sampaio, Leprosy Laboratory, Oswaldo
Cruz Foundation, Avenida Brazil 4365, Manguinhos, Cep 21045-900 —
Rio de Janeiro, RJ, Brazil. E-mail: esampaio@gene.dbbm.fiocruz.br

Bcl-2 itself and Bcl-x;, and pro-apoptotic members, such as
Bad, Bax and Bak.' The activity of these proteins appears to be
regulated, at least in part, by the formation of homo- and
heterocomplexes. It has been shown that, in a number of
systems, the Bcl-2 : Bax ratio dictates cell susceptibility to
apoptosis.”

The monocyte/macrophage lineage consists of effector
cells involved in controlling mycobacterial infection. It has
been reported that monocytes are highly susceptible to apop-
tosis upon culture, and that lipopolysaccharide (LPS) can
prolong cell survival by preventing caspase 3 activation.
On the other hand, an enhanced rate of macrophage apoptosis
has been observed after infection with a number of pathogens,
including Salmonella,* Shigella® and mycobacteria, such as
M. tuberculosis (MTB)®” M. avium® and M. bovis bacillus
Calmette-Guérin (BCG).’ Depending on the infectious agent,
phagocytosis has been described as being intimately related to
the induction of cell death.>'® Even so, the role played by host
cell apoptosis in the outcome of mycobacterial infection is
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still not well understood. In human monocytes, however, it has
been shown to limit the growth of BCG'' and MTB'? and
therefore could function as a defence mechanism of the host.
Mycobacterium-induced macrophage apoptosis seems to be
under the control of cytokines, and it has also been demon-
strated to down-regulate Bcl-2 in vitro in mononuclear cells.’
Accordingly, tumour necrosis factor-o (TNF-o), which is
essential for protection against mycobacteria'® appears to
be involved in the induction of cell death both in vivo and
in vitro.® Moreover, interleukin-10 (IL-10) has been sug-
gested to attenuate apoptosis by counteracting the TNF-o
function.'*

Leprosy is a chronic infectious disease encompassing a
spectrum of clinical forms related to each patient’s immune
response. The presence of cell-mediated immunity (CMI) asso-
ciated with T helper type 1 (Th1) cytokines [IL-2, interferon-y
(IFN-v)] production has been observed in tuberculoid leprosy
(BT/TT), in which disease is localized with few bacilli in the
lesions, in contrast to the lepromatous pole (LL). In addition,
acute inflammatory reactional episodes (called type I or reversal
reaction, RR, and type II or erythema nodosum leprosum, ENL)
may also occur during the natural course of the disease. It is
widely accepted that TNF-a has a pivotal role in the pathogen-
esis of these inflammatory episodes and in the development of
tissue and nerve damage in leprosy.ls’]6 Cree et al."” for
example, have demonstrated that morphological changes con-
sistent with apoptosis have taken place in the inflammatory
infiltrate of leprosy patients as well as of patients with
tuberculosis and sarcoidosis. More recently, the mononuclear
blood cells of leprosy patients have been described to exhibit
elevated spontaneous apoptosis in vitro as compared to con-
trols.'®

Although mycobacteria have been reported as inducing
apoptosis, the influence of M. leprae (the aetiological
agent of leprosy) is still unclear. It has been hypothesized that,
in leprosy, an enhanced rate of macrophage cell death
parallels the induction of reactions and an enhanced production
of TNF-a. It is demonstrated herein that M. leprae induced
apoptosis in monocyte-derived macrophages in a dose-depen-
dent manner while maintaining a low efficiency rate as com-
pared to MTB. An increased production of TNF-a in such
cultures, the expression of pro-apoptotic members of the Bcl-2
family and a relationship with bacterial phagocytosis is also
presented.

MATERIALS AND METHODS

Studied population

A total of 20 leprosy patients in attendance at the Leprosy Out-
Patient Unit, Leprosy Laboratory, Oswaldo Cruz Foundation,
Rio de Janeiro, Brazil, were enrolled in the study. Patients [eight
lepromatous (LL) and 12 borderline lepromatous (BL)] were
diagnosed according to the Ridley and Jopling classification'®
and were treated throughout the study with multi-drug therapy
(MDT) as recommended by the World Health Organization. All
patients (16 males and four females) were multibacillary (sys-
temic bacterial load, Bacillary index (BI) > 0) with a mean age
(£ SD) of 41 £ 20-7. Five patients experienced a type II
reaction or ENL during the course of MDT. After their informed
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consent, venous blood was withdrawn from all individuals and
the assays were performed as described below.

Reagents and antigens

LPS from Salmonella minnesota Re 595, pentoxifylline (PTX),
cytochalasin D and diacetate fluorescein were purchased from
Sigma Chemical Co. (St Louis, MO). RPMI-1640 medium, fetal
calf serum (FCS), antibiotics and L-glutamine were obtained
from Gibco BRL (Gibco Laboratories, Gaithersburg, MD).
Recombinant human interferon gamma (rIFN-v) was obtained
from Calbiochem (San Diego, CA). Irradiated armadillo-
derived whole M. leprae (2 x 10° bacteria/mg) was kindly
provided by Dr P. Brennan (Department of Microbiology,
Colorado State University, Fort Collins, CO) and BCG was
provided by Dr M. C. Pessolani (Leprosy Laboratory, FIO-
CRUZ). MTB (1 x 10% bacteria/ml), H37Rv, gamma-irra-
diated, was kindly donated by Dr R. J. Shattock (Division of
Infectious Diseases, St George’s Hospital Medical School,
London, UK). All reagents and media used for the in vitro
cultures were shown to contain <0-1 U/ml endotoxin as mea-
sured using the Limulus amoebocyte lysate assay (Whittaker
Bioproducts, Walkersville, MD).

Cell isolation and culture condition

Heparinized venous blood was withdrawn from all individuals
and peripheral blood mononuclear cells (PBMC) were isolated
under endotoxin-free conditions by Ficoll-Hypaque (Pharmacia
Fine Chemicals, Piscataway, NJ) density centrifugation. Cells
were washed three times in phosphate-buffered saline (PBS;
Gibco) and viability was estimated by trypan blue dye exclu-
sion. PBMC were immediately suspended at 1 x 10° cells/ml
in RPMI-1640 medium supplemented with 100 U/ml penicillin,
100 pg/ml streptomycin, 2 mM L-glutamine, 10% FCS (com-
plete medium), and subsequently cultured (1 ml) in Teflon
beakers (Thomas Scientific, Swedesboro, NJ), at 37°. For in
vitro stimulation, M. leprae was added to the cultures at 1, 10
and 20 pg/ml (2, 20 and 40 bacteria : cell ratio, respectively).
Live BCG and H37Rv MTB were used at a 1 : 1 or 10 : 1
bacteria per cell, and LPS at 1 pg/ml. In some experiments,
either 5 pg/ml cytochalasin D, 100 U/ml rIFN-vy, or 25 pg/ml
PTX was added to the cultures 1 hr prior to mycobacterial
stimulation. For evaluation of cytokine secretion, supernatants
were harvested after 2 days of culture and stored at —20° until
further use.

Cell morphology and viability

For morphological evaluation, PBMC (1 x 106), cultured onto
coverslips in 24-well plates (Costar Corporation, Cambridge,
MA), in the presence or absence of M. leprae (20 pg/ml) or
LPS, were harvested after different periods, washed three times
with PBS, fixed with methanol, and stained with May—Griin-
wald-Giemsa stain (Merck, Rahway, NJ). For evaluation of
viability, cells were washed, incubated with ethidium bromide
(4 pg/ml; Sigma) and diacetate fluorescein (20 pg/ml) for
20 min at room temperature. Thereafter, the samples were
applied onto glass slides for examination by fluorescence
microscopy (Nikon Microphot System; Nikon Corp., Melville,
NY). A total of 100 cells were counted on each slide and scored
as live (green staining) or dead (red staining).
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Cytokine determination

Concentration of TNF-a in cell-free culture supernatants was
determined by using a commercial specific enzyme-linked
immunosorbent assay (ELISA), using specific pairs of mono-
clonal antibodies (R&D Systems Inc., Minneapolis, MN) and
processed according to the manufacturer’s specifications. Cyto-
kine levels are expressed as pg/ml of protein. The detection limit
of the assay was 4 pg/ml.

7-Amino actinomycin D (7-AAD) staining

PBMC, cultured in the Teflon beakers for 2 days in the presence
or absence of the bacteria, were washed in PBS containing 3%
FCS and 0-1% sodium azide, and incubated with anti-CD14
monoclonal antibody (Becton & Dickison, San Jose, CA) for
30 min at 4°. After additional washing, the cells were incubated
for 40 min with 10 pg/ml 7-AAD (Sigma) at 4° in the dark.
Samples stained with 7-AAD and the surface marker were
analysed by an EPICS XL-MCL Flow Cytometer with a single
argon laser at 488 nm (Coulter Corp., Hialeah, FL). Orange
fluorescence was measured with a 575-nm filter and the red
fluorescence from 7-AAD was filtered through a 670-nm long
pass filter. More than 10 000 events were analysed for each
sample. Cells without 7-AAD labelling were considered viable,
while apototic and dead cells showed low and high 7-AAD
staining, respectively.20 In order to evaluate spontaneous apop-
tosis, freshly isolated unstimulated and non-cultured PBMC
were directly stained with 7-AAD as described above.

DNA electrophoresis

A total of 5 x 10° PBMC cultured as above were harvested,
washed in PBS, and lysed with 0-2% Triton X-100 in TE
[10 mM Tris—HCI (pH 7-4) 1 mM ethylenediaminetetraacetic
acid] buffer. Following centrifugation, DNA was extracted with
phenol/chloroform/isoamyl alcohol. After precipitation with
isopropanol in the presence of 0-5 M NaCl, it was washed in
70% ethanol, air-dried, and suspended in TE buffer. DNA was
then subjected to electrophoresis in 1% agarose gel followed by
ethidium bromide (1 pg/ml) staining and visualized by UV
transillumination.

RNA isolation and cDNA synthesis

For analysis of mRNA expression, 2 x 10° PBMC suspended in
complete RPMI medium were stimulated with M. leprae and/or
PTX and cultured in the Teflon beakers for 20 hr, after which
time the supernatants were harvested, the cells were immedi-
ately suspended in 1 ml Trizol™ (Gibco BRL), and RNA was
extracted according to the manufacturer’s instructions. One
microgramme of total RNA was reverse transcribed into
cDNA?! and samples were stored at —20° until further use.

Polymerase chain reaction (PCR) condition

Cytokine-specific oligonucleotide primer pair sequences for
GAPDH (5-CCACCCATGGCAAATTCCATGGCA-3' and
5'-TCTAGACGGCAGGTCAGGTCCACC-3') and TNF-u pri-
mers>> were obtained at the GENEBANK and synthesized
(Gibco BRL). Bax-a (5-GTTTCATCCAGGATCGAGCAG-3'
and 5'-CTTCCAGATGGTGAGCGAGG-3') and Bak (5'-GCC-
CA GGACACAGAGGAGGTTTTC-3' and 5-AAACTGGC-
CCAACAGAACCACACC-3') primers were purchased from

R & D Systems. The primers were RNA specific in that they
were designed within different exons spaced by a long intron.
PCR reaction in a total volume of 25 pul was performed as
detailed elsewhere?! and the samples were amplified in a DNA
thermocycler 480 (Perkin Elmer Cetus, Emeryville, CA) for 25
(GAPDH), 27 (TNF-a), and 35 (Bax and Bak) cycles of
denaturation at 94° for 45 seconds, annealing at 60° for 45 sec-
onds, and extension at 72° for 90 seconds. The PCR amplified
products were resolved by electrophoresis on 1-7% agarose
gels and visualized by ethidium bromide staining. Specificity of
the amplified bands was validated by their predicted size
[GAPDH, 600 base pairs (bp); TNF-o, 355 bp; Bax-a,
482 bp; Bak, 528 bp]. Densitometer analysis (Video Docu-
menting System; Amersham-Pharmacia, Piscataway, NJ) was
assessed directly on the PCR products on the agarose gels.
Amplification of GAPDH was used as an internal control. Each
experiment included a negative control to which no cDNA was
added.

Statistical analysis

Results are reported as pooled data from the entire series of
experiments and for each group of individuals, and described as
mean £SEM. For data comparison, the Kruskal-Wallis test
(Statsoft Inc., 1995; STATISTICA for Windows, Computer
Program Manual, Tulsa OK) was used. The statistical signifi-
cance level adopted was P < 0-05.

RESULTS
M. leprae induces cell death in human PBMC in vitro

Mononuclear cells (PBMC) isolated from lepromatous leprosy
patients and cultured for 1-3 days in the presence or absence M.
leprae (20 pg/ml) were stained with Wright-Giemsa stain. The
adherent cells had an altered morphology, with decreased or
vacuolated cytoplasm and densely condensed nuclei. These
features were not observed when cells were stimulated with
LPS (1 pg/ml). For further quantification of the amount of dead
cells, PBMC stimulated under the same conditions were har-
vested and stained with ethidium bromide and fluorescein
diacetate. A reduction in cell viability was observed throughout
the culture period, when the rate of viable cells (90%), detected
in the non-stimulated cultures after 2-3 days, was reduced to
58% on average, when M. leprae, but not LPS (not shown), was
added to the wells. To confirm that the morphological changes
observed here were related to the occurrence of apoptosis, the
monocyte/macrophage population was assessed by flow cyto-
metry following double staining of the PBMC with 7-AAD and
anti-CD14 monoclonal antibody.

Standardization of the 7-AAD method was established by
using PBMC either heated for 10 min at 65°, to induce cell
death, or cultured in the presence of actinomycin D (ActD,
5 pg/ml), known to induce macrophage apoptosis. Figure 1(a)
shows one representative experiment in which the fluorescence
intensity of 7-AAD versus forward scatter was used to define the
dead cell population (D, induced by heating), and the early
apoptotic cells (A, induced by treatment with ActD). Untreated
cells were used as controls. Negligible 7-AAD incorporation
was seen in the live cells; V, viable), while 7-AADY™ was
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Figure 1. Mycobacterium leprae induces cell death in monocyte-derived macrophages of leprosy patients. (a) Flow cytometry
histograms demonstrate standardization of 7-AAD staining from one representative experiment. Unstimulated PBMC (Unst. cells, left
panel), PBMC stimulated with Act.D for 20 hr (middle panel), or heated at 65° for 10 min (right panel) were used to set the gates for
viable (V), apoptotic (A, 7-AADY™ staining), and dead cells (D, 7-AADP" €M), respectively. Negligible 7-AAD incorporation was seen
in the live cells. (b) Evaluation of apoptosis was assessed by flow cytometry after dual staining with 7-AAD and anti-CD14 antibody
in cultures stimulated or not with M. leprae 1, 10, or 20 pg/ml for 2 days. Values represent mean percentage apoptosis + SEM of
five different experiments. *Significant differences (P < 0-05) when compared to unstimulated cultures or cultures stimulated
with M. leprae 1 pg/ml. (c) Agarose gel electrophoresis showing fragmented DNA in cultures stimulated or not (Cont) with M. leprae
10 pg/ml. The 123 bp DNA ladder was used as the standard molecular weight marker (MWM).

observed in the early apoptotic cells (A) and 7-AAD"#" in the
dead cells (D; necrosis).

After adding M. leprae to the cultures, it was shown that
mycobacterium-induced apoptosis occurred in a dose-depen-
dent manner. In the non-stimulated wells, 5-3 4+ 2-:4% (mean
+SEM) apoptotic CD14" cells were detected after 2 days;
when stimulated with 1 pg/ml M. leprae (2 : 1 bacteria : cell
ratio), 3-6 £ 0-5% of cells were apoptotic, whereas with 10 pg/
ml or 20 pg/ml of this pathogen, it was 10-7 & 1-4% and
24-6 £ 5-8%, respectively (Fig. 1b; P = 0-04). Similar data
were observed when cells from normal healthy individuals
(n = 2) were assayed (rate of apoptosis in the non-stimulated
wells was 3-4 + 1% and in response to M. leprae 20 pg/
ml = 18:6 + 3-4%). In addition, fragmented DNA, a hallmark
of apoptosis, was observed when cultures were analysed by
agarose gel electrophoresis (Fig. 1c).
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In contrast, cells stimulated with LPS, although presenting
high TNF-a levels in culture supernatants (mean TNF-o in
unstimulated wells 11-5 + 6-2 pg/ml, and in response to LPS
2928 £ 480 pg/ml, P = 0-003), they showed 54 £ 1-1%
apoptotic macrophages as compared to 5-5 £+ 1-8% apoptosis
detected in the unstimulated cultures, confirming that LPS
indeed did not induce macrophage apoptosis in the present
conditions (Fig. 2). PBMC were also stimulated either with
BCG or M. tuberculosis H37Rv, which had been previously
reported to induce cell death both in vivo and in vitro. When live
BCG (10 : 1 bacteria : cell ratio) was added to the wells,
26-7 + 5-2% apoptotic CD14" cells were noted as compared
to the 3-8 £ 1-4% found in the control cultures (Fig. 2;
P < 0-05), and to the 5-4 4+ 2-2% when cells were stimulated
with dead BCG. After the addition of MTB (10 : 1) an average
of 255 £ 2-8% apoptotic cells was detected as opposed to
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Figure 2. BCGand MTB, but not LPS, induce apoptosis in macrophages
from leprosy patients in vitro. The rate of apoptosis (%) was assessed by
flow cytometryinCD14 7 cellsfollowing staining of PBMC cultures with 7-
AAD and anti-CD14 antibody. Cells were stimulated (hatched bars) or not
(solid bars) either with LPS 1 pg/ml, or live BCG, or heat-killed MTB
(10 : 1 bacteria : cell ratio), as indicated in the figure. Results represent
mean = SEM of five individual experiments. *Significant differences
(P < 0-05) when compared to the unstimulated cultures.

4.8 £ 3-4% in the unstimulated wells, and 5-5 + 2-8% when
MTB 1 : 1 was employed.

Pre-incubation of monocytes with IFN-y or pentoxifylline
modulates M. leprae-induced apoptosis in vitro

In order to determine whether, IFN-v, a cytokine known to
enhance the microbial activity of macrophages, interferes with
macrophage apoptosis, the cytokine was added to the cultures
1 hr prior to M. leprae stimulation. The rate of CD14 " apoptotic
cells in the stimulated PBMC (26-3 £ 3-9%) was enhanced to
52-8 £ 1:6% in the presence of IFN-y (Fig. 3a; P < 0-03). No
major effect was observed in the rate of apoptosis (3 £ 1%)
when unstimulated cells were treated with IFN-y alone. As
aforementioned>® IFN-y also increased M. leprae-induced
TNF-o release (Fig. 3a); TNF-a values were raised from
1494 4+ 908 pg/ml to 5541 £ 1897 pg/ml when cells received
M. leprae and IFN-y (P = 0-012). No enhancement in TNF-a
was induced by IFN-y itself (not shown).

In another set of experiments, PTX, a drug known to
ameliorate the inflammatory manifestations of ENL and to
reduce TNF-a synthesis,>'** was added to the wells. Bacter-
ium-induced apoptosis of CD14" cells was 22-1 & 6-6% as
compared to the 8-9 + 4-2% detected in the PBMC stimulated
in the presence of PTX (Fig. 3b; P = 0-02). Accordingly,
determination of TNF-oo in the stimulated wells (2826 +
1098 pg/ml) was significantly reduced (P = 0-04) in the pre-
sence of the drug (926 + 424 pg/ml). PTX had no effect on the
apoptosis or on TNF-a levels when added alone to the cultures.
Mean percentage inhibition of PTX on M. leprae-induced
apoptosis and TNF-o synthesis was 53-8 & 6:9% and 70 +
10-4%, respectively.

M. leprae-induced apoptosis in monocytes is dependent
on bacterial phagocytosis

To determine whether entry of the bacteria into the cell was a
required step in the induction of apoptosis in this system, cells
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Figure 3. Modulation of Mycobacterium leprae-induced apoptosis and
TNF-a levels in monocyte-derived macrophages obtained from leprosy
patients in vitro. (a) Flow cytometry analysis (%) of apoptosis (solid
bars) was evaluated in the PBMC cultured for 2 days and stimulated or
not (Cont) with M. leprae (ML) 20 pg/ml, in the presence or absence of
IFN-y 100 U/ml (a), after dual staining with 7-AAD and anti-CD14
antibody. The rate of cell death and TNF-o values (hatched bars),
measured in these same culture supernatants by ELISA, showed (*)
significant differences when IFN-y was added to the wells (P < 0-05).
Results are presented as mean + SEM of five and three individual
experiments, respectively. (b) Following stimulation of the PBMC with
M. leprae in the presence or absence of PTX, apoptosis and TNF-o
release were evaluated as described. *Significant differences when
compared to the M. leprae-stimulated cultures. Results are mean =+
SEM of four different experiments. Background values for apoptosis
and TNF-a detected in the PBMC cultured with PTX alone were
7-4 £+ 5-5% and 85-7 £ 25-8 pg/ml.

were pretreated with cytochalasin D, an actin polymerization
inhibitor, and then infected. The uptake of M. leprae by the
monocytes was monitored by fluorescent microscopy. Cytocha-
lasin D inhibited >95% of M. leprae infection (not shown) and
also reduced apoptosis of CD14™ cells (mean percentage reduc-
tion 49-4 £ 4-3%), suggesting that phagocytosis may play a
role in the induction of apoptosis by the mycobacterium
(Table 1). In addition, TNF-a production induced by M. leprae
(935 £ 213 pg/ml) was significantly affected (P = 0-025) by
treatment of the cells with cytochalasin D (156 £+ 30 pg/ml; %
inhibition 80-8 + 4-3%). By itself, cytochalasin D had no effect
either on the rate of apoptosis or on the amount of TNF-a
detected in vitro (Table 1).

M. leprae induces the expression of Bax and Bak
genes in the PBMC cultures

In order to investigate whether M. leprae up-regulates the
expression of pro-apoptotic genes of the Bcl-2 family, mRNA
expression of Bax-o, Bak, and TNF-o was assessed in the
stimulated (1, 10, or 20 pg/ml M. leprae) PBMC cultures by
reverse transcription (RT) -PCR. Figure 4(a) shows that, after
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Table 1. Effect of cytochalasin D treatment on apoptosis and
TNF-a secretion induced by Mycobacterium leprae in vitro

Culture conditions % Apoptosis TNF-o (pg/ml)

Unstimulated PBMC 29 +19 79 £+ 65
M. leprae (20 pg/ml) 224 £ 113 1000 £+ 176-3
Cytochalasin D (1 pum) 50+ 05 82+ 46
M. leprae + 10-8 + 4-8 1775 £ 17*

cytochalasin D

PBMC (1 x 10° were cultured as described, when cytochalasin D was added
to the wells 1 hr prior to M. leprae stimulation. After 2 days of culture, the rate
of apoptosis and levels of TNF-o were determined. Values represent mean =+
SEM of three individuals experiments.

*Significant differences when compared to the M. leprae-stimulated cultures
(P = 0-025).

20 hr, the mycobacterium induced TNF-o and Bax-o mRNA in
a dose-dependent manner. A densitometric analysis of the bands
in the gels (Fig. 4b,c), showed enhanced mRNA stimulation
(TNF-o and Bax-a) following M. leprae 10 or 20 pg/ml. Mean
rate (£ SEM) of gene expression for Bax-o was 100 and
89-4 £ 1-2%, respectively. Evaluation of Bak (Fig. 4d) showed
induction of message above the background that was more
pronounced with M. leprae 20 pg/ml. A correlation between
gene expression and functional data was also observed in the
cultures treated with PTX. No effect of PTX itself was observed
in the overall gene expression in the PBMC cultures in vitro.
Along with the inhibition of TNF-o secretion and apoptosis
(Fig. 3b), a diminished expression of Bax-a/Bak and TNF-a
genes was noted in the M. leprae-stimulated wells (Fig. 4).
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Relative amounts of message for Bak were 51-8 & 4-5%. The
average percentage reduction in the relative amount of mRNA
was 72-5 £+ 22-5% for TNF-o and 46 + 12-1% for Bax-o. As
related to Bak mRNA, the inhibitory effect of PTX was detected
in three of the four patients tested.

Patients undergoing leprosy reaction show enhanced
spontaneous apoptosis

An important role for TNF-o and IFN-y in the pathogenesis of
reactions has been described.?>?* To determine whether mono-
cytes are actively involved in the spontaneous (ex vivo) apop-
tosis described in leprosy'® six unreactive lepromatous and four
reactional patients (ENL) were assayed in this study. The mean
rate of spontaneous apoptosis (Fig. 5) evaluated in the PBMC
(non-cultured and non-stimulated cells) of unreactive patients
was 1-1 £ 0-2% as compared to 5-5 £ 1-4% for the ENL
group (P = 0-02). When CD147 cells were assessed within
this population, a significant variation (P = 0-01) between the
two groups of patients was also noted (2-9 £ 0-6% versus
10-9 £ 2-1%, respectively).

DISCUSSION

The method of 7AAD staining was described initially by
Schmidt er al.® Tt is a sensitive method for quantification of
cells undergoing apoptosis that permits the simultaneous eva-
luation of dual-colour cell surface immunofluorescence, so that
apoptosis within subpopulations can be assessed; it also permits
paraformaldehyde fixation of the stained samples. The use of
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Figure 4. Mycobacterium leprae induces the expression of pro-apoptotic genes in PBMC cultures of leprosy patients. Expression of
TNF-o, Bax-o and Bak mRNA was assayed in vitro by RT-PCR. (a) PBMC were stimulated or not with M. leprae 1, 10 and 20 pg/ml for
20 hr. Additionally, PBMC were cultured in the presence of M. leprae (20 pg/ml) and PTX (25 pg/ml), when RNA was extracted and
processed as described in the Materials and methods. Following PCR amplification, specific bands were visualized in the agarose gels;
transcripts were analysed by densitometric scanner and the relative amount of message was determined semi-quantitatively by using
GAPDH as an internal reference. Expression of (b) TNF-a, (c) Bax-oo mRNA, and to a lesser extent (d) Bak was increased with higher
amounts of bacteria. On the other hand, incubation of cells with PTX decreased the amount of message for such genes. Results are
percentage relative to the most intense band (assigned the value of 100). Data represent mean == SEM of three different experiments.
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Figure 5. Leprosy patients with reaction show enhanced spontaneous
apoptosis ex vivo. Evaluation of spontaneous apoptosis was assayed in
PBMC (solid bars) cultures and CD14" cells (hatched bars) obtained
from leprosy patients with (n = 4) or without (n = 6) reaction (ENL).
The rate of apoptosis was evaluated through 7-AAD staining and
percentage of apoptotic cells was determined by flow cytometry ana-
lysis. *Significant differences when compared to unreactional patients.

the 7-AAD staining in T-cell lines®® was validated by cell
sorting, followed by analysis with a variety of established
methods, including TUNEL, DNA agarose electrophoresis,
morphological assessment and time-lapse photography. 7-
AAD was also shown® to give similar results when compared
to different DNA-binding dyes (propidium iodide, acridine
orange and Hoechst 33342). Moreover, assessment of intracel-
lular staining and detection of proteins, including cytokines
and Bcl-2, in the apoptotic cells from a complex population,
such as PBMC, has been performed also in HIV-infected
donors.?"*®

In the present study, apoptosis of macrophages was eval-
vated in cultured PBMC by dual staining of the cells with 7-
AAD and anti-CD14 antibody. Although lymphocytes were the
most frequently used cell population for this staining procedure,
in our hands, the method was successfully used since it repro-
duced previously published results such as the non-apoptotic
effect of LPS in human monocytes, as well as the pro-apoptotic
effect of MTB and BCG. In addition, it was demonstrated herein
that, in vitro, M. leprae induces cell death in monocyte-derived
macrophages of leprosy patients in a dose-dependent manner.
High levels of TNF-a were also released in these cultures, which
correlated with previous results.>® Accordingly, the lower effi-
ciency of M. leprae (40 : 1 bacteria per cell) to induce apoptosis
when compared to MTB (10 : 1) seems to parallel its dimin-
ished ability to induce TNF-o..>°

It has been widely reported that TNF-o is involved in
mycobacterium-related cell death®*® and that the addition of
PTX or anti-TNF-o antibody reduces the apoptosis caused by
M. tuberculosis® and M. avium.*' In our own results, PTX
decreased TNF-o. mRNA, protein levels, and the rate of apop-
tosis in vitro (Fig. 3b). In addition, during the reactive states of
leprosy, where high amounts of TNF-o and IFN-y have been
detected'®*> a higher rate of spontanecous apoptosis was
observed when compared to the unreactive patients. Similarly,
Gupta and co-workers'® have demonstrated that anti-TNF-o
antibody could block apoptosis of leprosy patients’ PBMC with
or without reaction. Indeed, thalidomide, a drug used to treat

ENL and known to inhibit TNF-a production by human mono-
cytes,”® has also been seen to interfere with the M. leprae-
induced cell death.** Albeit, a similar rate of response has been
detected in purified macrophage cultures (not shown), by using
PBMC, the participation of additional pathways other than
TNF-a in triggering the apoptosis phenomenon, such as the
CD95 and CD95L, cannot be ruled out. A role for T cells in the
amplification and/or induction of macrophage apoptosis in such
cultures shall also be considered. In that sense, it was previously
demonstrated that cell-cell contact (T cell-monocytes) can
trigger higher rates of apoptosis in vitro.>

On the other hand, in cultures stimulated with LPS, in spite
of exhibiting high TNF-q, it did not lead to apoptosis. It has
been proposed that the activation process confers a survival
signal essential for monocyte function.® Perera and Waldmann
have demonstrated that activation of monocytes, either with
LPS or soluble lysates of M. leprae, imparts a selective desen-
sitization to apoptosis signalling and that the expression of
caspase 8 is sharply diminished. A dual capacity to induce both
activation and apoptosis appears to be a common property of the
TNF-R (TNF receptor) superfamily, as in the case of TNF-R1
and Fas.®” In some situations, activated monocytes can then
synthesize copious quantities of TNF-o without any obvious
self-injury, indicating that activation inhibits the assembly of the
cell death machinery. Whether or not the two mechanisms are
triggered together or separately by the bacterium remains
unknown.

It has been suggested that apoptosis may in fact act as a
mechanism for interdicting mycobacterial growth. BCG-
infected macrophages have been shown to undergo apoptosis
following addition of ATP, which resulted in the killing of
intracellular bacteria."' Likewise, addition of Fas ligand
induced apoptosis of infected human macrophages and reduced
the viability of intracellular MTB.'? On the other hand, Santucci
et al.*® did not observe any differences in mycobacterial via-
bility even when high macrophage mortality was detected. One
cannot exclude the hypothesis that induction of apoptosis of M.
leprae-infected cells can render the macrophage environment
more hostile to the bacteria, limiting their replication. Never-
theless, lower concentrations (1 : 1) of MTB*° or BCG* have
been previously reported to prevent apoptosis in mononuclear
phagocytes. Similar data were obtained in our system where low
amounts of M. leprae did not induce significant levels of cell
death. Such results raise the question of whether mycobacterial
infection may lead to the selection of a population of cells able
to harbour a large number of bacilli.

The pathogenesis of M. leprae infection is characterized, at
one end of the spectrum, by impaired CMI. As such, the anergic
scenario observed in lepromatous leprosy may suddenly be
reversed during the course of the reactional episodes, where
a shift of cytokine production towards a Th1 phenotype appears
to take place.”>*' Hence, the reactivation of the immune
response in conjunction with enhanced IFN-y production
may be directly correlated to macrophage activation and to
the decreased bacterial load seen during reaction.*> In the
current experiments, addition of IFN-y to the PBMC cultures
significantly increased the rate of M. leprae-induced apoptosis
in vitro and of TNF release (Fig. 3). It is thus feasible to
speculate that apoptosis may be contributing to the clearance
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of M. leprae during the reactional episodes. Similarly, addition
of IFN-y to Coxiella burnetii-infected THP-1 cells impaired
bacterial survival and enhanced cell apoptosis.*> Both events
were shown to be dependent on TNF-a.

A relationship between phagocytosis and apoptosis has also
been suggested, as previously described for Shigella flexneri
and Legionella pneumophilla.>'° Inhibition of the entry of M.
leprae into the cell impaired apoptosis of macrophages
(Table 1) and also decreased TNF-a levels. Nevertheless, inhi-
bition of apoptosis (49-4%) did not parallel the reduction in the
rate of infection (> 95%) or the extent of inhibition on TNF-a
release (80-8%). Alternatively, other cytokines and/or addi-
tional apoptotic signalling pathways may be operative. In this
same vein, the hypothesis that soluble molecules from the
bacteria might trigger apoptosis by way of different pathways
than the one utilized by the intracellular mycobacteria, is of
relevance.

It is known that mitochondria play an important role in the
regulation of programmed cell death in that it might be deter-
mining the life or death of a cell by controlling the release of
mitochondrial apoptogenic factors One of the unique features of
such proteins from the Bcl-2 family is the heterodimerization
between pro- and anti-apoptotic proteins. Bax has been shown
to homodimerize as well as heterodimerize with Bcl-2. In
excessive amounts, bax counteracts the ability of bcl-2 to
repress cell death.”? When using RT-PCR, it was observed that
M. leprae (10 or 20 pg/ml) increased the expression of both
Bax-o and Bak (20 pg/ml) mRNA. Moreover, inhibition of
TNF-o parallels the decreased expression of such genes and
impairment in the apoptosis phenomenon. These results suggest
that M. leprae is capable of activating gene expression of the
pro-apoptotic members of the Bcl-2 family, which, in turn, can
lead to the mitochondrial release of pro-apoptotic factors by
way of a mechanism that may be at least partially dependent on
TNF-o.

In summary, the present study demonstrates an involvement
of M. leprae in the induction of monocyte-derived macrophage
apoptosis in vitro. It is then feasible to envisage a scenario
where increased production of IFN-y and TNF-o observed
in vivo could modulate enhanced apoptosis activity induced
by the mycobacterium. The role of programmed cell death in
the pathogenesis of leprosy reactions can contribute to the
resolution of the inflammatory lesions as well as to reduction
in the bacterial load. Therefore, the diverse profiles charac-
teristic of the immune response and the cytokines pro-
duced throughout the spectrum of the clinical forms of the
disease most likely directly influence the rate of apoptosis
in vivo.
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