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It is widely accepted that tumor necrosis factor alpha (TNF-α) plays a critical role in the development of
tissue and nerve damage in leprosy and during the reactional episodes of acute inflammation. Thalidomide
(N-α-phthalimidoglutarimide), a drug used to treat leprosy reaction, modulates immune response, inhibits
inflammation and NF-κB activity. Here we investigated whether thalidomide inhibits NF-κB activation induced
by Mycobacterium leprae, p38 and ERK1/2 MAPK activation. EMSA and supershift assays were performed
to investigate NF-κB activation in response to M. leprae and its modulation following in vitro treatment
with thalidomide. Luciferase assay was assayed in transfected THP-1 cells to determine NF-κB transcriptional
activity. Flow cytometry and immunofluorescence were used to investigate p65 accumulation in the nucleus.
Immunoblotting was used to investigate p38 and ERK1/2 phosphorylation. Following activation of PBMC and
monocytes with M. leprae, the formation and nuclear localization of NF-κB complexes composed mainly of
p65/p50 and p50/p50 dimers was observed. Induction of NF-κB activation and DNA binding activity was
inhibited by thalidomide. The drug also reduced M. leprae-induced TNF-α production and inhibited p38
and ERK1/2 activation. Definition of the activation mechanisms in cells stimulated with M. leprae can lead
to the development of new therapy applications to modulate NF-κB activation and to control the inflamma-
tory manifestations due to enhanced TNF-α response as observed in leprosy and in leprosy reactions.
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1. Introduction

Leprosy is a chronic infectious disease caused by Mycobacterium
leprae that affects the skin and peripheral nerves. The disease presents
a clinical spectrum that correlates with the immune response of the
host to the pathogen (Ridley and Jopling, 1966). It is widely accepted
that tumor necrosis factor alpha (TNF-α) plays a critical role in the
development of tissue and nerve damage in leprosy and in the path-
ogenesis of the episodes of acute inflammatory reaction (reversal re-
action, RR, and erythema nodosum leprosum, ENL) (Kahawita and
Lockwood, 2008; Sarno et al., 1991). These episodes may occur during
the chronic course of the disease and are treated either with steroids
and/or thalidomide. The clinical benefits of thalidomide in ENL have
been attributed to its ability to inhibit TNF-α secretion both in vitro
and in vivo (Sampaio et al., 1991, 1993), among others (Rafiee et al.,
2010; Teo et al., 2002).

Nuclear factor-κB (NF-κB) constitutes a group of dimeric tran-
scription factors composed of various combinations of members of
the NF-κB/Rel family. NF-κB proteins are usually found in the cyto-
plasm in association with inhibitory proteins (inhibitory κB factors
or simply IκBs). Degradation of IκBs allows NF-κB to translocate to
the nucleus, binds to DNA binding sites, and regulates the transcrip-
tion of a large number of genes including cytokines, chemokines,
and antimicrobial peptides (Li and Verma, 2002). Mycobacteria and
their cell wall components, such as lipoarabinomannan, have been
described to induce NF-κB nuclear translocation (Means et al.,
2001) and MAP kinase activation, as important events for both cyto-
kine production and cell activation. In our previous work we showed
that M. leprae also induces activation of NF-κB complexes in a human
Schwannoma cell line (Pereira et al., 2005).

Thalidomide (N-α-phthalimidoglutarimide) is a known anti-
angiogenic, anti-tumor, and antiproliferative agent, widely used for
the treatment of several immunological disorders, mainly leprosy
reaction (ENL) and cancer (Erlinger, 2010; Sampaio et al., 1993;
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Teo et al., 2002). The drug is also known to inhibit pro-inflammatory
cytokines while its TNF-α modulating property seems to be great-
ly related to drug activity (De Sanctis et al., 2010). Thalidomide in-
hibits TNF-α via enhanced degradation of the TNF mRNA (Kim
et al., 2004; Moreira et al., 1993). In addition, thalidomide has
broad activity with a clear effect on the inflammatory cascade in-
cluding modulation of p38 MAPK (Bartlett et al., 2004; Noman et
al., 2009) and NF-κB signaling pathway in response to different
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Fig. 1.M. leprae induces NF-κB nuclear translocation in primary human cells. (A) PBMC isolat
MOI 2 and 20, for 30 min when nuclear proteins were extracted, incubated with a DNA pro
(B) Nuclear extracts obtained from the stimulated cells (ML, MOI 20; LPS, 1 μg/ml) were pre
analyzed in the supershift assays; (C) Flow cytometry analysis of p65 subunit was assayed in
experiments: left panel, isotype control antibody; middle panel, nonstimulated cells; right p
**Indicate significant difference (P=0.001) when in the presence of the mycobacteria; (D)
stimuli and in a variety of cell types (Keifer et al., 2001; Majumdar
et al., 2002).

In the present study, we sought to detail how thalidomide modu-
lates M. leprae-induced response in vitro as it can correlate to the im-
provement in patient clinical responses. We demonstrate that
thalidomide suppresses NF-κB transcriptional activity, DNA binding
activity and activation induced by M. leprae in primary human cells
and consequently leading to reduced cytokine production. Moreover,
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ed from lepromatous leprosy patients were stimulated or not (NS) withM. leprae (ML),
be containing a wild-type or mutant (Mut) NF-κB binding site and analyzed by EMSA;
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Fig. 2. Immunofluorescence staining and confocal microscopy show translocation of
NF-κB p65 subunit to the nucleus in monocyte cultures after stimulation withM. leprae
(lower panel, MOI 20) as opposed to the nonstimulated wells (upper panel). Visualiza-
tion of cells was carried out by confocal microscopy using a 40× oil immersion objec-
tive and a 2× zoom magnification. One experiment out of four is presented.
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thalidomide interferes with p38 and ERK1/2 MAPK activation induced
by the mycobacteria.

2. Material and methods

2.1. Studied population

A total of 13 leprosy patients (11 males, 2 females) who attended
the Leprosy Out-Patient Unit, Leprosy Laboratory, Oswaldo Cruz Foun-
dation (Rio de Janeiro, Brazil) were enrolled into the study. Patients
were diagnosed according to Ridley and Jopling classification (1966),
were all multibacillary (bacillary index N0), andwere treatedwithmul-
tidrug therapy as recommended by the World Health Organization.
Healthy donors (n=5) from the Hemotherapy Unit, Clementino Fraga
Filho Hospital, Federal University of Rio de Janeiro were also included.
The study was approved by the Ethical Committee of FIOCRUZ and fol-
lowing informed consent, blood was withdrawn from all individuals
and experiments performed as described below.

2.2. Cell isolation and culture condition

Peripheral bloodmononuclear cells (PBMC)were isolated from hep-
arinized venous blood under endotoxin free conditions through Ficoll-
Hypaque (Pharmacia Fine Chemicals, Piscataway, NJ) density centrifu-
gation. PBMC were suspended at 106 cells/ml in RPMI 1640 medium
supplemented with 100 U/ml penicillin, 100 μg/ml streptomycin,
2 mM L-glutamine, 10% FCS (GibcoBRL, Gaithersburg,MD), subsequent-
ly cultured in 24-well plates (Costar Corporation, Cambridge, MA), at
37 °C for 2 h, when cultures were washed for removal of non-adherent
cells. For in vitro stimulation, whole M. leprae irradiated (2×109 bacte-
ria/ml), provided by Dr. P. Brennan (Microbiology Department, Colora-
do State University, Fort Collins, CO), and lipopolysaccharide (LPS) from
Salmonella Minnesota Re 595 (Sigma Chemical Co., St. Louis, MO) were
used. In parallel experiments, thalidomide (25 μg/ml; Calbiochem, Cam-
bridge, MA) was added to the cultures 1 h prior to cell stimulation.

2.3. Electrophoretic mobility shift assay (EMSA) and supershift assay

PBMC (107 cells) were cultured in Teflon beakers (Thomas Scien-
tific, Swedesboro, NJ) and stimulated with M. leprae (multiplicity of
infection, MOI 2 or 20) or LPS (1 μg/ml) for 30 min. After the stimula-
tion period, cells were washed, nuclear protein extracts were
obtained and EMSA and supershift assays were performed as detailed
elsewhere (Pereira et al., 2005).

2.4. Detection of NF-κB translocation by flow cytometry

Cultured monocytes or PBMC were stimulated with M. leprae (MOI
20) or TNF-α (1 μg/ml), and after 1 h, nuclei from the cellswere obtained
by using Pipes–Triton buffer (10 mMPipes, 0.1 MNaCl, 2 mMMgCl2 and
0.1% Triton X-100; Sigma). Nuclei samples were washed, stained
with anti-p65 monoclonal or isotype control antibodies (Santa Cruz
Biotechnology, Santa Cruz, CA), subsequently incubated with FITC-
conjugated goat anti-mouse Ig antibody and counterstained with pro-
pidium iodide (1 mg/ml; Sigma) (Cognasse et al., 2003). In some exper-
iments, cells were treated with thalidomide, the NF-κB inhibitor SN50,
its non-active mutant, SN50m (18 μM; Calbiochem), or the proteasome
inhibitor MG132 (4 μM; Calbiochem) followed by mycobacteria stimu-
lation. For evaluation of NF-κB translocation, samples were analyzed
by flow cytometry on a FACS Calibur (BD Biosciences, San Jose, CA). A
total of 104 events were recorded for each experimental condition.

2.5. Cytokine detection

For detection of TNF-α, culture supernatants were harvested 20–
24 h after cell stimulation and stored at −20 °C until use. Cytokine
levels were assayed by a commercial specific enzyme-linked immu-
nosorbent assay (ELISA) processed according to the manufacturer's
specifications (R&D Systems Inc., Minneapolis, MN). Detection limit
of the assay was 8 pg/ml.

2.6. Immunofluorescence and confocal microscopy

Monocytes settled onto glass coverslips were stimulated with the
mycobacteria (MOI 20) for 1 h, washed and fixed in paraformalde-
hyde 3.7%. Cells were permeabilized with PBS-0.5% Triton X-100, la-
beled with a primary antibody against phospho-p65 (Santa Cruz
Biotechnology), followed by incubation with the secondary antibody
(Chemicon International, Temecula, CA). Nuclei were stained with
DAPI and images were acquired on a Laser Scanning Confocal Micros-
copy LSM 510-META (Zeiss, Thornwood, NY).

2.7. Luciferase assay

To measure NF-kB transcriptional activity, THP-1 cells were co-
transfected using FUGENE 6 reagent (Roche, Madison, WI) with a
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reporter plasmid containing NF-κB consensus-binding sites upstream
of firefly luciferase reporter gene (750 ng IgK-IFNLUC, kindly provid-
ed by Dr. David Baltimore, Massachusetts Institute of Technology,
Cambridge) and a constitutive active reporter containing Renilla lu-
ciferase gene (250 ng pRLCMV plasmid; Promega, Madison, WI).
After 48 h, cultures were washed, medium was replaced and cells
stimulated withM. leprae or TNF-α, in the presence or absence of tha-
lidomide for 6 h. Cells were resuspended in lysis buffer and luciferase
activity evaluated using the dual luciferase assay (Promega), detected
in a luminometer TD-20/20 (Turner Designs, Sunnyvale, CA). Experi-
ments were done in triplicate and values normalized to Renilla activ-
ity. Data are expressed as fold increase of luciferase activity over the
nonstimulated samples.
A
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Fig. 3.M. leprae-induced NF-κB is linked to proteasome activity and TNF-α release. (A) Mono
stimulated with M. leprae (ML, MOI 20). Flow cytometry analysis for detection of nuclear p
as compared to the nonstimulated samples (NS); (B) TNF-α levels were evaluated in the 20
cytokine response in the stimulated cells; (C) Monocytes pre-incubated with the proteasome
p65 staining as above (MFI). Inhibition of proteasome activity interferes with M. leprae-indu
2.8. Immunoblotting

ForWestern blot analysis, cell lysates were obtained from cultured
monocytes in cell lysis buffer (Cell Signaling Technology) containing
protease and phosphatase inhibitors (Calbiochem). Proteins (30 μg)
were resolved on a 12% SDS-polyacrylamide gel blotted onto nitrocel-
lulose membrane (Bio-Rad). The membranes were blocked with BSA
5% and 0.1% Tween, washed and incubated with the primary anti-
phospho-p38 or anti-pERK1/2 antibodies (1:1000 dilution; Cell Sig-
naling). Following washing, the blots were incubated for an addition-
al hour in horseradish peroxidase conjugated secondary antibody
(eBioscience, San Diego, CA), and the bands detected by an enhanced
chemiluminescence system (Amersham Biosciences, Piscataway, NJ).
cytes were pre-incubated with the NF-κB inhibitor SN50 or its mutant SN50m and cells
65 subunit shows decreased mean fluorescence intensity (MFI) in the stimulated cells
h culture supernatants. The NF-κB inhibitor but not its mutant significantly abolished
inhibitor MG132 (MG) were stimulated with the mycobacteria and assayed for nuclear
ced NF-κB activation. Data are mean of 5 individual experiments (*Pb0.05; **Pb0.01).
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Blots were stripped and re-probed with anti-p38 or anti-pERK anti-
body (Cell Signaling).

2.9. Statistical analysis

Results are expressed as mean±standard error (S.E.M.). Statistical
analysis was performed by using one-way ANOVA test. Flow cytome-
try data were analyzed using a paired t test (InStat/Prism software;
GraphPad Software, San Diego, CA). Differences were significant at
Pb0.05.

3. Results

3.1. M. leprae induces NF-κB nuclear translocation in primary human
cells in vitro

NF-κB activation was investigated through EMSA in freshly isolat-
ed PBMC obtained from leprosy patients (Fig. 1A) and healthy donors,
following in vitro stimulation withM. leprae. Enhanced NF-κB binding
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Fig. 4. Thalidomide down-regulates M. leprae-induced NF-κB activation and TNF-α produc
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was observed in nuclear cell extracts from stimulated cultures when
compared to nonstimulated cells. NF-κB/DNA binding induced by
the mycobacteria showed to be specific as bands were not observed
in the presence of the mutant probe. Results were similar when
using cells from patients or controls.

To characterize the protein composition of the NF-κB complex,
specific antibodies against the NF-κB subunits were used in the super-
shift assay. As observed in Fig. 1B, antibodies against p65 and p50
subunits led to slower migrating complexes in the gels. We observed
the formation and nuclear localization of NF-κB complexes composed
mainly of p65/p50 and p50/p50 dimers. Addition of anti-p50 anti-
body shifted both complexes in the cells stimulated either with M.
leprae or LPS, whereas antibody against the p65 protein shifted the
top complex only (Fig. 1B). Antibodies against p52 or c-Rel proteins
did not modify the pattern of complex migration (not shown).

We then evaluated NF-κB p65 nuclear translocation in adherent
patients' monocytes by flow cytometry. Following p65 staining in iso-
lated nuclei (Fig. 1C), mean florescence intensity (MFI) was markedly
induced byM. leprae (33±4.1) when compared to the nonstimulated
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cells (19.3±3; P=0.001). Accordingly, rate of p65 labeled cells was
60.2±7.4 vs. 31.3±4%, respectively (Fig. 1D; Pb0.05). Confocal mi-
croscopy confirmed, at a single cell level, the nuclear translocation
of the p65 protein triggered by the mycobacteria (Fig. 2).

3.2. Activation of NF-κB is essential for M. leprae-induced TNF-α
production

Initially, the ability of SN50 to impair NF-κB activation was con-
firmed in cultured monocytes from healthy donors and patients
(not shown). Cells pre-treated with SN50, but not the mutated pep-
tide SN50m, showed impaired p65 nuclear staining in response to
M. leprae (Fig. 3A; Pb0.05) as MFI returned to baseline levels when
in the presence of the inhibitor.

The involvement of NF-κB in M. leprae-induced TNF-α response
was then assayed in cells pre-incubated with SN50 and stimulated
with the mycobacteria for 20–24 h. TNF-α values (1150±44 pg/ml)
were significantly lower (Pb0.001) in the presence of the NF-κB in-
hibitor (15±4.1 pg/ml), whereas addition of SN50m showed no ef-
fect (Fig. 3B).

Previous work demonstrated that inhibition of the proteasome in-
terfered with M. leprae-induced cytokine release (Fulco et al., 2007).
Therefore, in this study, we pre-incubated the cells with MG132 and
observed through flow cytometry reduced p65 staining in the treated
mycobacteria stimulated wells (Fig. 3C; P=0.03).

3.3. Thalidomide (THAL) reduces NF-κB activation and the production of
TNF-α in vitro

To determine if THAL can interfere with NF-κB binding activity in-
duced by M. leprae, PBMC obtained from leprosy patients were stim-
ulated with the mycobacteria in the presence of the drug and assayed
A

B

Fig. 5. NF-κB transcriptional activity. (A) Whole cell lysates were obtained from tran-
siently transfected THP-1 cells with a NF-κB luciferase reporter plasmid introduced
along with a Renilla luciferase expression plasmid, stimulated for 6 h with (A) M.
leprae, ML, or (B) TNF-α in the presence or absence of thalidomide and analyzed for
luciferase activity. Data aremean of 3 individual experiments; *Pb0.05. NS=nonstimulated
cells.
by EMSA. Cultures pre-treated with thalidomide showed decreased
NF-κB nuclear translocation generated both in response to M. leprae
and LPS (Fig. 4A). Viability of the cells in culture was not affected by
thalidomide (not shown).

Analysis by flow cytometry also showed enhanced nuclear p65
staining induced by M. leprae (MFI=27.9±4.4) and such response
was down-regulated (16±3.1; P=0.007) in the presence of THAL
to the levels observed in the unstimulated cells (Fig. 4B). Accordingly,
percentage of p65 labeled cells was diminished in the treated stimu-
lated cultures (67.2±6.9 vs. 45.9±6%, respectively; P=0.015). The
effect of thalidomide was also evident since the drug abrogated
NF-κB activation (% p65 positive) induced by TNF-α in PBMC from
healthy donors (Fig. 4C) or patients. As previously described, levels
of TNF-α induced by M. leprae in the 20 h cultures were reduced by
THAL (Fig. 4D; Pb0.01).
P-ERK 1/2

ERK 1/2

NS THAL ML ML+THAL
0.0
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Fig. 6. Thalidomide modulates M. leprae-induced activation of p38 MAPK. Monocytes
from healthy donors were pre-treated with THAL (25 μg/ml) and stimulated with M.
leprae for 30 min. Phosphorylation of (A) p38 and (B) ERK1/2 was detected by immu-
noblotting with the specific antibodies as described in the Material and methods sec-
tion. Densitometry of one representative experiment is presented.
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To evaluate NF-κB transcriptional activity, we transfected THP-1
cells with a luciferase reporter assay using a plasmid that contains
binding sites for NF-κB and a constitutively active Renilla plasmid
for normalization. In accordance to the above described results, stim-
ulation of THP-1 with M. leprae (Fig. 5A) or TNF-α induced (Fig. 5B)
NF-κB mediated response was repressed when cells were treated
with thalidomide.

3.4. Thalidomide treatment inhibits MAPK activation induced by M.
leprae

Previous studies have described that thalidomide inhibits the
phosphorylation of the MAPK pathway induced by LPS (Noman et
al., 2009). We then evaluated whether THAL interfered with the up-
stream pathways involved in the M. leprae-induced NF-κB response.
Analysis by immunoblotting revealed that phosphorylation of p38 ob-
served in monocytes isolated from healthy individuals (Fig. 6A) or
leprosy patients, and phosphorylation of ERK1/2 assayed 30 min
after stimulation with M. leprae (Fig. 6B) was inhibited by THAL.

4. Discussion

Accumulating evidence suggests that production of TNF-α in re-
sponse to M. leprae infection can contribute to the pathology of leprosy
(Hernandez et al., 2003; Kahawita and Lockwood, 2008; Scollard et al.,
2006). However, the intracellular mechanisms leading to mycobac-
teria-induced cytokine response are not yet fully characterized. Previous
results demonstrate that M. leprae triggers the TLR2 signaling pathway
(Krutzik et al., 2003) and as shown here, it enhances both the nuclear
translocation and the DNA binding activity of NF-κB p65/p50 and
p50/p50 complexes in primary human cells. Our results also reinforce
the involvement of NF-κB on M. leprae-induced TNF-α release in vitro.

The development of an inflammatory response is a key event dur-
ing mycobacterial infections. Several groups have reported activation
of NF-κB in response to both intact mycobacteria and mycobacterial
cell wall components (Lee and Schorey, 2005; Means et al., 2001),
macrophages infected with Mycobacterium smegmatis (Gutierrez et
al., 2008), and in cells from patients infected with M. tuberculosis
(Ameixa and Friedland, 2002). NF-κB activation seems to be essential
for mycobacterial killing since when NF-κB is blocked M. smegmatis
survived (Gutierrez et al., 2008). On the other hand, some studies
have described inhibition of NF-κB activation by M. tuberculosis com-
ponents (Pathak et al., 2005, 2007).

Here we demonstrate that M. leprae induces NF-κB activation in
primary human cells (PBMC and monocytes) and that thalidomide
can suppress mycobacteria-induced NF-κB in vitro. We found that
both homo and heterodimer forms of NF-κB were inhibited and led
to the reduced TNF-α response. Thalidomide also inhibited NF-κB ac-
tivation induced by TNF-α in Schwann cells (Pereira et al., 2005) and
in PBMC (Fig. 4) in vitro. Overall, the results support the ability of M.
leprae to induce TNF-α and NF-κB activation; TNF sustains NF-κB re-
sponse and thalidomide interferes in this positive feedback loop.

The ability of thalidomide to down-regulate M. leprae-induced
NF-κB activity poses a picture for the potent inhibitory effect this
drug has over controlling the inflammatory manifestations of leprosy.
Previous data showed that thalidomide also inhibited the complex
p50/p50 and abolishedM. leprae-induced gene transcriptional repres-
sion in a human Schwann cell line (Pereira et al., 2005). These results
suggest that the inhibitory effect of thalidomide over M. leprae stim-
ulation is not cell-type specific.

It has been suggested that the drug's ability to modulate gene ex-
pression through suppression of NF-κB might be related to the path-
way that is activated by the inducer (Majumdar et al., 2002). Recent
studies have described that thalidomide inhibits LPS-induced TNF-α
production and NF-κB activation in RAW 264.7 cells by preventing
phosphorylation of IkBα and IkB kinases (IKK-α and -β), and via
down-regulation of MyD88 (Noman et al., 2009).

The ubiquitin–proteasome pathway controls various cellular pro-
cesses and modulates NF-κB regulation through proteolytic proces-
sing of NF-κB precursors, polyubiquitination, and degradation of the
inhibitory protein IkBα. We have also shown herein that inhibition
of proteasome reduces NF-κB activity in response to M. leprae, and
that this inhibition may impact into the lower induced cytokine
production as reported previously (Fulco et al., 2007). A recent
data suggest that the inhibition of NF-κB-dependent gene expres-
sion by bortezomib, a proteasome inhibitor, is gene specific and de-
pends on the subunit composition of NF-κB dimers recruited to
NF-κB-responsive promoters (Juvekar et al., 2011). More interest-
ingly, one recent study identified a thalidomide-binding protein,
cereblon (CRBN), as a primary target for thalidomide teratogenicity
and the drug inhibits its ubiquitin ligase activity (Ito et al., 2011).

It is clear that many pathways are to be involved in leprosy and
other diseases in which thalidomide is effective. Further experiments
are still necessary to clarify the molecular mechanisms by which tha-
lidomide modulates M. leprae-induced NF-κB.

Work by several groups has established that MAPKs play a critical
role in the pathogenesis of various malignancies. One recent work de-
scribed that M. leprae inhibited the phosphorylation of either p38 or
ERK1/2 in T cells (Dagur et al., 2010). We observed herein that M.
lepraewas able to increase activation of ERK1/2 and to a lesser extent
of p38 in primary human monocytes. Thalidomide was able to de-
crease the M. leprae-induced phosphorylation of both p38 and
ERK1/2 MAPKs, implying that the effect of thalidomide on NF-κB ac-
tivity and on TNF-α secretion might involve MAPKs deactivation.

Our data show that thalidomide inhibits both p38/ERK and NF-κB
activation in the stimulated cells. Definition of the mechanisms trig-
gered in human cells challenged with mycobacteria can lead to the
development of new therapy applications to control the inflammato-
ry manifestations as observed in leprosy and in leprosy reactions.
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