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Abstract

Mannosylated Lipoarabinomannan (Man-LAM) produced by virulent Mycobacteria
favors mycobacterial pathogenesis by the suppression of pro-inflammatory micro-
environment within the host cell, but Arabinosylated Lipoarabinomannan (Ara-
LAM) from avirulent mycobacteria evokes pro-inflammatory responses via induc-
tion of Toll like receptor-2 (TLR-2) mediated signaling. In this study, we investigated
whether Ara-LAM could stimulate the TLR-2 signaling and pro-inflammatory cy-
tokine gene transcription during Man-LAM induced pathogenesis in murine mac
rophages. Ara-LAM pre-treatment (3ug/ml) of Man-LAM treated macrophages
induced association of TLR-2 with its downstream factor MyD88 and subsequently
of MyD88 and IRAKs, leading to Ikk phosphorylation, IkB-o. degradation, finally
translocation and DNA binding of NF-kB. These events culminated in the up-regu-
lation of cytokines TNF-a and IL-12, nitrite generation and iINOS mRNA expression,
which could be abrogated significantly by treatment of macrophages with TLR-2
specific siRNA as well as anti-TLR-2 monoclonal antibody. Based on our observa-
tions, we strongly report the TLR-2 mediated protection of Ara-LAM during Man-
LAM-mediated pathogenesis.

Key words: Lipoarabinomannan, Toll like Receptor-2, NF-kB, Cytokines, Protein
Kinases/Phosphatases, Signal Transduction.

Introduction

Research regarding tuberculosis has been very actively ex-
panding in recent years. It is known that the mycobacterial
species produce a large amount of cell wall glycolipid an-

Mycobacterium tuberculosis, the causative pathogen of the
dreaded disease tuberculosis, infects and multiplies within
the granulomas created in the lungs [1, 2]. Upon invasion,
the bacterial lipid antigens induce secretion of chemotactic
factors from mononuclear cells that cause further aggrega-
tion of T cells, B cells, monocytes and macrophages [3, 4] and
gradually this inflammatory response is suppressed and the
bacteria flourishes within the granulomas [5, 6].
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tigen called Lipoarabinomannan (LAM), responsible for the
virulence of the species [5, 6] and induces the alteration of
the normal cell signaling pathways [7-9]. Virulent Mycobac-
terial strains possess mannose capping on the oligoarabino-
furanosyl side chains at the non-reducing termini of the gly-
colipid, thereby yielding Mannosylated Lipoarabinomannan
(Man-LAM), whereas the avirulent strains (Mycobacterium
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smegmatis, Mycobacterium tuberculosis H37 Ra) are devoid
of these mannose capping, hence yielding Arabinosylated Li-
poarabinomannan (Ara-LAM) [10, 11]. Man-LAM induces the
survival of the infected cell by increasing the expression of cell
survival factors like Phosphoinositol 3" kinase (PI3K), Protein
Kinase B [Akt] [12, 13] and MAPK/ERK [14], while Ara-LAM
treatment of host PBMC has been reported to facilitate cel-
lular cytotoxicity and apoptosis [15].

However, the role of cytokines (low molecular weight soluble
effectors of cell functions) is of great importance in maintain-
ing the normal functions of a cell. Pro-inflammatory cytokines
like TNF-a, IL-12 and IFN-y secretion are reported to be up
regulated by Ara-LAM treatment of macrophages, but not
by Man-LAM treatment [16-18], resulting in a subsequent in-
crease in INOS2 mRNA expression and nitrite generation [19].
Ara-LAM is also reported to utilize Toll-like receptors (TLR),
a family of receptors that are responsible for activation of
macrophages by Mycobacterial products [20]. Inflammatory
processes within the lung as well as pulmonary macrophages
are induced by Ara-LAM via TLR-2 [21], which are essential
for the induction of pro-inflammatory cytokines [22]. On the
other hand, treatment of macrophages with Mycobacterium
tuberculosis lipoarabinomannan induces IRAK-M and nega-
tively regulates Toll-like receptor-dependent Interleukin-12
p40 production in macrophages [23]; besides, it potently in-
duces the release of anti-inflammatory (Th2) cytokines such
as Interleukin-10 (IL.-10) and Transforming Growth factor beta
(TGF-B) [24]. IL-10 is immunosuppressive in nature thus help-
ing in the establishment of pathogenesis [25, 26]. The ratio
between pro- and anti-inflammatory cytokines is a very im-
portant parameter determining cell function as depicted by
the TNF-a.: IL-10 ratio; the lower this ratio, the greater is the
chance of developing pathogenesis due to the survival of the
infected cell [27]. Not only that, recent reports from our lab-
oratory have shown that Ara-LAM has immunomodulatory
role in Leishmania donovani infected murine macrophages
[28], and this molecule also induces protection against viscer-
al leishmaniasis through up-regulation of TLR-2 signaling [29].

Earlier anti-tuberculosis researches have been able to de-
liver some primary line antibiotics like Isoniazid (INH), Pyra-
zinamide, Ethambutol and Rifampicin but unfortunately the
pathogen has acquired resistance mutations against these
drugs. Hence, newer approaches aimed at targeting the im-
mune mechanisms of the host need to be devised as alter-
native medication. Recent studies have shown mycobacte-
rial lipid antigens and oligosaccharide protein conjugates are
highly immunogenic against the virulent pathogen [30, 31].
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In this paper, we have found that Ara-LAM could potently
confer protection against the cell signaling alterations caused
by the virulent Man-LAM in murine model, both in vitro and
in vivo. In both cases we observed a strong induction of pro-
inflammatory cytokines TNF-a, IL-12 and IFN-y; and subse-
quently nitric oxide generation under Ara-LAM treated con-
dition. A further look into the upstream mechanisms estab-
lished that this protective effect was mediated by increased
NF-kB binding to DNA due to TLR-2 induction by Ara-LAM.
These findings could lead to a novel approach targeting cell
signaling mediated immunotherapy against mycobacterial
diseases.

Materials and Methods

Materials

Anti TLR-2 T2.5 murine clone mAb (Hycult Biotech, Uden,
The Netherlands), rabbit anti MyD88, rabbit anti IRAK-1 and
rabbit anti Ikk-a/f antibodies, as well as TLR-2-PE conjugated
primary antibody were purchased from Santa Cruz Biotech,
Santa Cruz, CA, USA. Oligos, for semi-quantitative and Real
Time PCR were purchased from Bangalore Genei, India, while
TLR-2 specific sSiRNA from Ambion Inc, Austin, TX, USA. Oli-
gofectamine, the transfecting agent was obtained from Invi-
trogen life technologies, USA. Tissue culture reagents were
purchased from Gibco Laboratories, USA. TRIZOL (Sigma,
USA), dNTPs, RevertAid™ M-MulV Reverse Transcriptase,
oligo dT and Taq polymerase and other chemicals required for
RT-PCR were purchased from Fermentas. All other chemicals
were purchased from either Sigma (USA) or MERCK. [y-32P]
ATP from JONAKI, DAE, India. SYBR Green Jump-Start Taq
Ready Mix for Quantitative PCR from Sigma (USA).

Animals

C57BL/6 mice purchased from National Center for Labora-
tory Animal Sciences (NCLAS), India. For each experiment
with Man LAM, 8-10 mice (about 6-8 weeks old) were used
regardless of sex.

Isolation and Purification of LAM

Mannosylated Lipoarabinomannan (Man-LAM) from virulent
Mycobacterium tuberculosis H37Rv was obtained as a kind
gift from Dr. Sujoy K. Dasgupta, department of Microbiol-
ogy, Bose Institute, who originally got it from Dr. John Belisle
through “TB Research Materials and Vaccine Testing”, NIH,
NIAID, Contract NO1-Al-75320, Colorado State University,
Fort Collins, CO, USA. The endotoxin content of this product
was <10 ng/mg as detected by Limulus test.
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Isolation of Ara-LAM: Ara-LAM was purified from strain
LR222 of M. smegmatis. All the experiments were performed
with a single isolate of each culture. LAM was isolated and
purified according to process as described in our previous
paper [32].

Isolation of murine peritoneal macrophages

Mouse macrophages were isolated by peritoneal lavage with
ice-cold PBS 48 h after intraperitoneal injection of 1.0 ml of
sterile 4% thioglycolate broth (Difco). Cells were cultured as
described by Fahey et al. [33]. The adherent cell population
was cultured for 48 h prior to any treatment, to achieve the
resting state.

LAM Treatment and siRNA transfection of cells
Preparation of TLR-2 specific siRNA:

We designed and synthesized TLR-2 siRNA (sequence men-
tioned in the oligos chart) using silencer siRNA construction
kit (Ambion Inc.). A nonspecific scrambled siRNA were gener-
ated with same GC content.

Treatment of macrophages and transfection
with siRNA

The peritoneal macrophages isolated from C57BL/6 mice
were treated with Man-LAM at a specific dose of 10 ug/ml.
The Ara LAM pretreated cells (macrophages pre-incubated
with Ara-LAM dose at a standardized non-lethal, non-cyto-
toxic dose of 3 ug/ml for 3 hours) were followed by Man LAM
treatment with the above specified dose. For siRNA transfec-
tion, the isolated macrophages were cultured in 35 mm plates
(3.5x10°) for 48 hours in RPMI-1640 medium supplemented
with 10% FBS. The siRNA was transfected directly into mu-
rine peritoneal macrophages at a final concentration of 100
nM, using oligofectamine (Invitrogen, Carlsbad, CA, USA) as
per the manufacturer’s instructions. The macrophages were
incubated with the transfection complexes in low (2%) serum
for 24 hours [34], after which further treatments were done
and the cells were cultured for the specified time period.

Association of signaling molecules

Co-immunoprecipitation of TLR-2/MyD88 and MyD88/IRAK-1
The adherent cell population was scraped and centrifuged at
400 x g for 15 min at 4 °C. The cells were then resuspended
in ice-cold extraction buffer containing 50 mM HEPES (pH
7.4), 150 mM NaCl, T mM NaF, 1 mM EDTA, 1 mM EGTA,
TmM Na3VO,, 0.2% Nonidet P-40, 10ug/ml aprotinin. The
cell lysates were centrifuged at 14000 x g for 10 min at 4
°C. The supernatants (200 ug of protein) from the cell ly-
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sates were subjected to immunoprecipitation with anti-TLR-2
(or anti-IRAK-1) antibody for overnight at 4 °C. The immuno
complexes were captured by incubation with anti rabbit IgG
agarose (Gibco-BRL) secondary antibody for 2 hours at 4 °C.
The immuno complexes were then washed twice with wash
buffer and twice with lysis buffer and then assessed for co-
immunoprecipitation with MyD88 probing the blot with the
anti-MyD88 primary antibody. Equal loading of samples was
verified by reprobing the blots with anti-TLR-2. The process
of western blot was performed as per earlier reports [35, 36].

IRAK-1 and Ikk kinase assays

5x10° cells were collected, pelleted at 1000xg for 10 minutes,
and lysed on ice for 10 minutes in lysis buffer comprising 50
mM HEPES pH 7.6, 150 mM NaCl, 1 mM EDTA, 1% Nonidet
P-40, 20 mM B-glycerophosphate, 1 mM sodium orthovana-
date, 1T mM NaF, 1 mM benzamidine, 5 mM paranitrophenyl
phosphate (PNPP), TmM DTT, 1 mM PMSF, 1 mg/ml each of
aprotinin, leupeptin and pepstatin. The protein was estimated
from the supernatant obtained by centrifugation by Bio-Rad
protein estimation kit. Extracts containing equal amount of
protein were used for immunoprecipitation.

5 pl of anti rabbit IRAK-1 antibody (Santa Cruz Biotech) were
added to the supernatant and incubated for 3 hours at 4 °C.
50 wl of protein A agarose beads (anti rabbit) were added
to the mixture and followed by incubation for 2 hours at 4
°C. Samples were repeatedly washed with lysis buffer, and
then washed with kinase buffer comprising 20 mM HEPES pH
7.6, 20 mM MqgCl,, 20 mM B-glycerophosphate, 20 mM pa-
ranitrophenylphosphate (PNPP), 1 mM EDTA, 1 mM sodium
orthovanadate, 1T mM benzamidine. 50 ul of kinase buffer
were added to each sample, supplemented with 5 uM ATP, 1
ug myelin basic protein (MBP), 1 pl [y-32-P] ATP, and incubated
for 37 °C for 30 minutes. SDS sample buffer was added, and
the samples were subjected to SDS-PAGE analysis. The gel
was dried and exposed to an X-ray film [37].

lkk kinase assay was performed in a similar manner but the
buffers used were different. The immunprecipitation buffer
comprised of 50mM Tris pH 7.4, 400mM NaCl, 3 mM EDTA,
3 mM EGTA, 1% Triton X-100, 0.5% NP-40, 10% Glycerol,
1 mM PMSF, 2 mM DTT, 0.1% sodium orthovanadate, 20
mM B-glycerophosphate. The kinase buffer comprised of 50
mM/L Tris pH 7.5, 10 mM MgCl,, 20 mM B-glycerophos-
phate, 100 uM sodium orthovanadate, TmM DTT, 20 uM cold
ATP, 1 ug Ikk substrate protein and 1 ul [y-32-P] ATP.

Electrophoresis and immunoblotting
Proteins were quantified with Bio-Rad protein assay reagent

using BSA as a standard. Equal amount of protein in each lane
were subjected to Sodium Dodecyl Sulfate-10% polyacryl-
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amide gel electrophoresis (SDS-10%PAGE) and transferred
to a nitrocellulose membrane. The membrane was blocked
overnight with 3% bovine serum albumin in Tris-saline buf-
fer (pH 7.5) and immunoblotting was done as described by
Majumdar and coworkers [36].

Electrophoretic Mobility Shift Assay (EMSA)

NF-kB specific oligonucleotide (5-TAGTTGAGGGCACTTTC
CCAGG-3’) from the NF-kB/RelA DNA-binding domain in
murine IkB light chain gene enhancer probe (synthesized
from Gibco-BRL) were labeled with 32P with Klenow by us-
ing [0-32P] dATP. Nuclear extracts (15 ug per sample) were
incubated with 3 X 10> cpm of 32P-labeled probe (0.2 ng of
DNA) in the presence of binding buffer (containing 12.5 mM
HEPES [pH 7.9], 10% glycerol, 5 mM MgCl,, 50 mM KCl, 1
mM DTT, and 300 ug of Bovine Serum Albumin/ml) and 44
ug of salmon sperm DNA for 20 min. For cold competition, 10
-and 100- fold excess unlabeled probe was incubated for 15
min at room temperature with the mixture described above
before the addition of the labeled probe. Shift complexes
were resolved in 6% acrylamide gels at 49C in 0.5 X Tris-
borate-EDTA; dried gels were autoradiographed [37].

Flow Cytometric Analysis

FACS (Flourescence Activated Cell Sorter) analysis of cell sur-
face expression of TLR-2-FITC was done. Briefly, 1x106 cells
per set, after treatment, were washed with chilled PBS, col-
lected by repeated flushing and pelleted down. They were
then fixed with 1% paraformaldehyde, washed twice with
wash buffer, and incubated for 1 h in dark (at 4 °C) with anti-
TLR-2 conjugated with PE under shaking condition. A sepa-
rate set of cells were permeabilized with 0.1% saponin and
treated as explained. After the period of incubation was over,
the cells were washed twice with FACS buffer (1X). Finally
the cell suspension in the buffer was subjected to analysis
of the membrane bound form of TLR-2 by Flow Cytometry
(FACSCalibur; Recton Dickinson). Normal rabbit IgG (1:500)
was used instead of primary antibody as negative control.

Cytokine assay by Sandwich ELISA

The isolated macrophages from C57BL/6 mice were treated
as mentioned above. After the indicated time point, the cell-
free supernatants were collected and subjected to sandwich
ELISA. Sandwich ELISA kits were obtained from Factor Test-X,
R&D systems. The ELISA was performed as per the instruc-
tions of the manufacturer. The detection limits of the kits
were 15 pg/ml and < 4 pg/ml for TNF-a and IL-12 p40 re-
spectively.
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Quantification of cytokine mRNA
Isolation of RNA and RT-PCR

RNA was isolated according to the standard protocol [38,
39]. Briefly total RNA extracted from 4 x 10 macrophages
using TRIZOL™ reagent (SIGMA). Isolated total RNA was
then reverse transcribed using Revert Aid™ M-MulLV Reverse
Transcriptase (Fermentas). The cDNA encoding the gene was
amplified using specific primers, for IL-12 (forward 5-CAA-
CATCAAGAGCAGTAGCAG-3'; reverse 5-TACTCCCAGCT-
GA CCTCCAG3', product size 799 bp); for TNF-a, (for-
ward 5-GGCAGGTCTACTTTGG AGTCATTGC3'; reverse
5-ACATTCGAGGCTCCAGTGAATTCGG-3', product size 300
bp), for IFN-y (forward 5-GGATATCTGGAGGAACTGGC-3
reverse 5-CGACTCCTTTTTCCGCTTCCT-3', product size 433
bp) and for iINOS2 (forward 5'CCCTTCCGAAGTTTCTGGCAG-
CAGGC3’; reverse 5'-GGCTGTCAGAGCCTCGTG GCTTTGG-3/,
product size 496 bp). PCR amplification was conducted in a
reaction volume of 50 ul using a Perkin ElImer Gen Amp PCR
system 2400 and 0.5 unit of Tag polymerase set for 35 cycles
(denaturation: at 94 °C for 30 sec; annealing: at 58 °C for
30 sec; extension: at 72 °C for 30 sec) for IL-12p40 and IFN-
y. For TNF-a and iNOS2, PCR reactions at 94 °C for 30 sec,
at 58 °C 30 sec and 72 °C for 1 min were carried out for
30 cycles. For Glyceraldehydes—3 Phosphate Dehydrogenase
(GAPDH) as control was PCR amplified using, 5'-CAAGGCT-
GTGGGCAAGGTCA-3' and 5'-AGGTGGAAGAGTG GGAGTT-
GCTG-3" oligos located in different exons as sense and
antisense primers, respectively. The expected size of PCR
product is 242 bp. PCR amplified product was subsequently
size fractioned on 1% agarose gel, stained with Ethidium
Bromide and visualized under UV-light. In negative control
experiments with omission of the reverse transcriptase, no
PCR product was detected for either set of the PKC and
GAPDH primers (data not shown).

Real Time quantitative PCR

Relative quantitative RT-PCR was performed on iCycler (Bio-
Rad Laboratories, Hercules,CA) using SYBR green reagent.
The PCR mixture (25 ul) contained 1.0 ul of each primer, 8
ul of water, 12.5 ul of a commercial SYBR Green PCR mas-
ter mixture (SIGMA) and 2.0 ul of cDNA. The samples were
placed in 96-well plates (Bio-Rad) that were sealed with
optical sealing tape (Bio-Rad). PCR amplifications were per-
formed by using the iCYCLER iQ Multi-color real-time PCR
detection system (Bio-Rad). The thermal cycling conditions
were 5 min at 95 °C and then 40 cycles of 30 sec at 94 °C,
then 30 sec at 58 °C, and then 1 min at 72 °C followed by
melt curve analysis. An internal control GAPDH was ampli-
fied in separate tubes. We have used the Comparative cycle
threshold method (AACt method) for relative quantitation
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of gene expression. First, the Ct for the target amplicon and
the Ct for the internal control (GAPDH) were determined for
each sample. The ACt for each experimental sample was sub-
tracted from the calibrator. This difference was called the
AACt value. Finally, the arithmetic calibrator (2"22Ct) was used
to calculate the amount of target normalized to the amount
of an internal control and relative to the amount of the cali-
brator. Thus, all the values for experimental samples were
expressed as fold differences between the sample mRNA and
the calibrator mRNA.

Nitrite generation assay

Nitrite accumulation in culture was measured colorimetrically
by the Griess Reaction [40, 41] using the NO colorimetric As-
say kit (Boehringer Mannheim). For each assay, macrophages
were cultured in 24 well tissue culture plate (Tarson) at a
concentration of 1x10° cells /ml. Cell free supernatants was
collected, and the nitrite level estimated as per the instruc
tions of the manufacturer. Data are expressed as micromoles
of nitrite.

Quantitation of data
Densitometric Analysis

The RT-PCR results showing cytokine mRNA expression and
the autoradiograph were analyzed using UV-Gel Camera and
Molecular Analyst version 1.5software (Bio-Rad Laboratories,
Hercules, Calif.)

Statistical analysis

Results were expressed as the mean plus or minus the Stan-
dard Deviation (SD) for individual sets of experiments. Each
experiment was performed at least thrice, and representative
data from each set were presented in the manuscript. One or
two tailed Students t test for significance was performed as
applicable in each case. A P value of < 0.05 was considered
significant.

Results

Ara-LAM pre-treatment facilitates TLR-2
activation in Man-LAM treated macrophages

TLRs are known to play a key role in innate immune recogni-
tion and subsequent activation of adaptive immunity [22]. It
is well known that inflammatory processes within the lung
as well as pulmonary macrophages are induced by Ara-LAM
via TLR-2 [21], essential for the induction of pro-inflammatory
cytokines [22, 42]. However, Man-LAM failed to elicit pro-in-
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flammatory cytokine gene transcription through a TLR-2 de-
pendent mechanism. Firstly, we standardized the non-lethal
dose of the cytotoxic Ara-LAM on macrophage viability to
be 3ug/ml as reported in previous reports from our labora-
tory [28, 29]. We further investigated the effect of Ara-LAM
pretreatment on the frequency of TLR-2-PE positive cells by
Flow Cytometry in Man-LAM treated cells. \We observed that
TLR-2 was expressed at a low level constitutively in either
untreated (Fig. 1a) or Man-LAM treated cells (Fig. 1b) but
Ara-LAM pretreatment of Man-LAM treated cells showed a
significant increase in the frequency of TLR-2-PE positive mac-
rophages (Fig. 1d) compared to either control or Man-LAM
treated macrophages. Fig. 1e shows a bar diagram express-
ing the percentage of TLR-2-PE positive cells in cells treated
with Man-LAM, Ara-LAM and Ara-LAM pre-treated followed
by Man-LAM treatment.

control| 1a | control | b |Man-LAM

I9G i M¢

0.14% 8.1% 6.4%

Ara-LAM

C | Ara-LAM| id
. : +
Man-LAM

TLR-2-PE

FH
FE

positive cells (%)
w
(=]

TLR-2-PE

Man-LAM- + - +
Ara-LAM - - + +

Fig. 1. Ara-LAM facilitates TLR-2 expression in Man-LAM treated
macrophages. Macrophages cultured overnight in RPMI
medium supplemented with 10% FBS were subjected to
Ara-LAM pre-treatment (3 ug/ml) for 3 hours, followed
by Man-LAM treatment (10 ug/ml) for 24 hours, following
which they were subjected to FACS analysis to study the
frequency of TLR-2-PE positive cell population (a) Control
cells (b) Cells treated with Man-LAM (c) Cells pretreated
with Ara-LAM (d) Cells pretreated with Ara-LAM followed
by Man-LAM treatment (e) Bar diagram showing the per-
centage of gated TLR-PE positive cells. The data presented
is one of three independent experiments yielding similar
results and the bar diagram represents mean x SD from
data from the three experiments (**P<0.01).
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Ara-LAM facilitates TLR-2-MyD88 association in
Man-LAM treated macrophages

It is known that TLR-2 activation involves the association of
TLR-2 with MyD88 (Myeloid Differentiation Factor 88), an
adaptor molecule located immediate downstream of TLR-2
[43], and this event is crucial for the initiation of the further
signals. Hence, finding that Ara-LAM pretreatment in Man-
LAM treated macrophages enhanced the frequency of TLR-
2-FITC positive cells on the cell surface, we studied whether
Ara-LAM induced the association of TLR-2 and MyD88 under
similar conditions. For this, the cell lysates were subjected
to immunoprecipitation with anti-TLR-2 antibody or control
mouse IgG, and the blots were probed with anti-MyD88
antibody. A strong selective association between TLR-2 and
MyD88 was observed in Man-LAM treated or untreated mac-
rophages under Ara-LAM pre-treated condition (Fig. 2, lanes
2 and 4), compared to Man-LAM treated macrophages (Fig.
2, lane 3).

Expression
(Arbitra
o
on il b

Isotype IgG

Ara-LAM - + -
Man-LAM - - +

+ +

Fig. 2. Effect of Ara-LAM on TLR-2-MyD88 association in Man-
LAM treated macrophages. Murine macrophages (6x109)
were cultured in complete RPMI medium overnight and
treated as described in Fig.1. After 24 hours of incubation,
they were subjected to co-immunoprecipitation and west-
ern blotting as described in the materials and methods
section. Western Blot showing the association between
TLR-2 and MyD88. The blot was reprobed and blotted
with anti B-actin antibody to confirm equal protein load-
ing. The western blot is the most representable of three
independent experiments each showing similar results.
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Effect of Ara-LAM on IRAK-1-MyD88 association,
induction of IRAK-1 activity and IRAK-M
expression in Man-LAM treated macrophages

TLR-2 and MyD88 association initiates a chain of signal-
ing cascades involving the recruitment of different kinases,
namely IRAK-1 and IRAK-4. IRAKSs [44, 45], including IRAK-4,
recruits IRAK-1 association with MyD88, leading to activa-
tion and phosphorylation of IRAK-1. This step is essential for
phosphorylation and activation of Ikk-o [44, 45]. Hence our
previous results prompted us to study the effect of Ara-LAM
pre-treatment on IRAK-1 association with MyD88, activa-
tion of IRAK-1 and expression of IRAK-M. We performed
co-immunoprecipitation of the cell lysates with anti-IRAK-1
antibody and probed the blot with anti-MyD88 antibody. We
observed a distinct association between IRAK-1 and MyD88
in Ara-LAM pretreatment in both untreated and Man-LAM
treated macrophages (Fig. 3a, lanes 2 and 4) Not only that,
we further studied the enzymatic activity of IRAK-1 by per-
forming the in vitro kinase assay using MBP as substrate,
where we found that Ara-LAM pre-treatment of macro-
phages exhibited a significant upregulation of IRAK-1 activity
both in untreated or Man-LAM treated macrophages (Fig.
3d, lanes 2 and 4). In addition to this we have also studied
the expression of IRAK-1 and found that Ara-LAM pretreat-
ment significantly increases the expression of IRAK-1 both
in untreated and Man-LAM treated macrophages (Fig. 3c,
lanes 2 and 4).

The above results encouraged us to focus on the negative
regulation of TLR-2 signaling mediated by IRAK-M. Man-LAM
has been reported to dampen the TLR-2 mediated signaling
by induction of the IRAK-M [23]. Therefore, we performed
co-immunoprecipitation with IRAK-M and IRAK-1 to study
the association between these two proteins, and observed
that Man-LAM induced IRAK-M-IRAK-1 association could
be significantly inhibited by Ara-LAM pretreatment of either
untreated or Man-LAM treated macrophages (Fig. 3b, lanes
2 and 4), showing that Ara-LAM could facilitate TLR-2 me-
diated signaling in Man-LAM treated cells by inhibiting the
negative regulation of IRAK-M.

Effect of Ara-LAM on lkk-o. and IkB-o. expression
in Man-LAM treated macrophages

The activation of IRAKs facilitates the downstream signaling
of TLRs, and the phosphorylation of different accessory pro-
teins. Amongst these, Ikk-a. is a very important protein that
catalyses the phosphorylation and degradation of kB-a [45].
Hence we concentrated on the study of these two proteins.
Western blot was performed to study the expression and
in vitro kinase assay to study lkk-a activity. Our data clearly
showed that Ara-LAM pre-treatment of either untreated or
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Fig. 3. Ara-LAM induces association of IRAK-1 and MyD88,

inhibits IRAK-1/IRAK-M association and facilitates in vi-
tro kinase activity of IRAK-1 in Man-LAM treated cells.
Murine macrophages (6x106) were cultured in complete
RPMI medium overnight and treated as described previ-
ously. After 24 hours of incubation, they were subjected
to co-immunoprecipitation and western blotting to study
the association between different proteins. Western blots
showing the association between (a) MyD88 and IRAK-

1 (b) IRAK-1 and IRAK-M (c) Western blot showing the
expression of IRAK-1 protein (d) The macrophages after
treatment were incubated for 5 hours and subjected to in
vitro kinase assay of IRAK-1 using y-32P-ATP labeled MBP
as a substrate. Autoradiogram showing the enzymatic
activity of IRAK-1 in terms of MBP phosphorylation. The
blots are the most representable of three independent
experiments yielding identical results and the kinase as-
say has also been repeated thrice. The bar diagram shows
mean = SD from the three sets of in vitro kinase assays
performed (**P<0.01).
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Fig. 4. Ara-LAM enhances IkK kinase activity and IkB-a degrada-

tion in Man-LAM-treated macrophages. Murine peritoneal
macrophages (6x10°8) cultured overnight as described pre-
viously were subjected to Ara-LAM treatment at a dose
of 3 ug/ml for 3 hours, washed, followed by Man-LAM
treatment (10 ug/ml). The cells were incubated further for
5 hours for studying the IkK kinase activity and 24 hours
for studying the IkB-a degradation by western blotting.
(a) Autoradigram showing the enzymatic activity of kK
(b) Western blot showing the expression of IkB-a. The
blot was reprobed and blotted with anti-p actin antibody
to confirm equal protein loading. Both the autoradiogram
and blot are the most representable of three independent
experiments showing the similar effects. The bar diagram
for the in vitro kinase assay represent mean + SD of the
three experiments (*P<0.05, **P<0.01).
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Fig. 5. Effect of Ara-LAM pre-treatment on NF-kB-DNA binding in Man-LAM treated macrophages. From the cells harvested after

24 hours of treatment (as described previously), nuclear extracts were prepared and probed with 32P labeled NF-kB consensus
nucleotide. The specificity of DNA binding was assessed by pre-incubating extracts with unlabeled probe at a 10-fold molar
excess. The autoradiogram is the most representable of the four independent experiments in each case yielding identical results,
and the numbers mentioned corresponding to each lane show the fold change with respect to control cells (**P<0.01).
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Fig. 6. Ara-LAM mediated increase in pro-inflammatory cytokine mRNA expression is TLR-2 mediated. Macrophages were treated as

described in earlier legends. In separate sets, the cells were transfected with control siRNA (100 nM), TLR-2 specific siRNA (100
nM), or anti-TLR-2 antibody (4 pg/ml) for 24 hours in a low FBS containing medium, washed and separate set of cells were
further treated with Ara-LAM and Man-LAM as before. Following treatment, the cells were incubated for 5 hours, after which
they were collected in TRIZOL for RNA extraction and RT-PCR (see materials and methods) for studying different pro-inflamma-
tory cytokine mRNA expression. Semi-quantitave RT-PCR showing the expression of (a) TLR-2 mRNA expression in macrophages
by transfection with control siRNA, TLR-2 specific SiRNA or anti-TLR-2 Ab (b) TNF-a mRNA. (c) IL-12 p40 mRNA

(d) INOS2 mRNA (e) Real time quantitative PCR showing the fold change in mRNA products as indicated in the figure. The
RT-PCR data presented here are the best representable amongst three independent experiments showing similar effects, while
the bar diagram depicting fold change in mRNA quantification is expressed as mean + SD from triplicate experiments yielding
similar observations. (f) A separate set of cells treated similarly were incubated for 48 h after which the cell free supernatants
collected were used to measure nitrite generation by Greiss reaction. The data is expressed as mean = SD from triplicate experi-
ments yielding similar results (*P<0.05, **P<0.01).
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Man-LAM treated macrophages significantly enhanced the
activity of Ikk-a (Fig. 4a, lanes 2 and 4). Besides, we also
observed a considerable abrogation in the IkB-a. expression
in Ara-LAM pretreated cells compared to that in Man-LAM
treated cells (Fig. 4b, lanes 2 and 4).

Effect of Ara-LAM pre-treatment on NF-kB-DNA-
binding in Man-LAM treated macrophages

Since the degradation of IkB-a from the NF-kB-1kB complex
leads to translocation of the free NF-kB to the nucleus and
DNA binding [46, 47], we further studied the effect of Ara-
LAM pre-treatment on nuclear translocation of NF-kB by
EMSA assay of nuclear protein extracts of Man-LAM treated
cells. We also treated the cells with LPS (1 mg/ml) as a positive
control which is a known inducer of NF-kB tranlocation and
DNA binding (Fig. 5, lane 3). We observed that Man-LAM
treatment caused a down regulation of NF-xB translocation
in naive macrophages (Fig. 5, lane 4), but Ara-LAM pretreat-
ment of murine peritoneal macrophages followed Man-LAM
treatment exhibited a significant enhancement of NF-kB
binding activity compared to that of untreated control (Fig.
5, lane 5). Densitometric analysis of the NF-kB specific bands
indicated that there was about a 5 fold increase in DNA bind-
ing in Ara-LAM pre-treated cells.

Ara-LAM mediated protection in Man-LAM
induced pathogenesis is TLR-2 dependent

Finally we were interested to investigate whether; silencing of
TLR-2 gene could impair the Ara-LAM mediated protection
against Man-LAM induced pathogenesis. Initially we stan-
dardized the dose and the silencing/blocking action of the
TLR-2-siRNA and the anti TLR-2 antibody (Fig. 6a). We trans-
fected the murine macrophages with TLR-2 specific siRNA
(100 ng/ml) for 24 hours in a low FBS medium (as described
in the methods section), or incubated with anti-TLR-2 Ab (4
ug/ml) for 2 hours, after which Ara-LAM pretreatment and
Man-LAM treatments were given. We performed RT-PCR to
study the expression of TNF-a,, IL-12 p40 expression and iNOS
mMRNA expression and also studied the nitrite generation from
the cell free supernatants of sets incubated up to 48 hrs
of treatment. It was clearly observed that silencing of TLR-2
with either TLR-2 specific SIRNA, or blocking TLR-2 signaling
by anti TLR-2 Ab distinctly abrogated the pro-inflammatory
cytokine and iNOS expression (Fig. 6 b-d, lanes 5 and 6) as
well as NO generation (Fig. 6f) in untreated macrophages or
Man-LAM treated macrophages under Ara-LAM pretreated
condition.
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Discussion

Protection against infectious diseases is regulated by the
interplay of cytokines with the cell-mediated immune re-
sponses. The major virulence factor involved in the induc
tion of pro-pathogenic Th2 responses is reported to be a
cell wall glycolipid called Mannosylated Lipoarabinomannan
(Man-LAM). On the contrary, Ara-LAM produced by non-
pathogenic mycobacteria is a potent inducer of both pro-
inflammatory cytokines and the anti-inflammatory cytokine
IL-10. However, from our previous study we established that
Ara-LAM induced IL-10 possesses a pro-inflammatory func
tion [32] not only that, Ara-LAM also restores the impaired
cell mediated immune responses in a murine model of tu-
berculosis [48]. We have, therefore, undertaken this study to
understand the upstream mechanism of the Ara-LAM medi-
ated protection during mycobacterial pathogenesis.

Ara-LAM is known to have immunomodulatory properties,
the most important of them being the induction of Toll-Like
Receptor-2 (TLR-2) mediated transcription of pro-inflammato-
ry cytokines [21, 22]. Since TLR-2 plays a pivotal role in innate
immune response and induces adaptive immunity, we stud-
ied its expression in Ara-LAM pretreated cells, followed by
treatment with Man-LAM. It was clearly observed that TLR-2
expression on the macrophage surface (Fig. 1) was signifi-
cantly enhanced in Man-LAM treated or untreated cells under
Ara-LAM pretreatment at a noncytotoxic dose of 3 ug/ml.
The TLR-2 signaling is initiated by the association of TLR-2
and MyD88, an adapter protein [44], and their association
triggers the downstream cascade, leading to the activation
of IRAKs. These kinases catalyze the phosphorylation of a
series of accessory proteins like NIKs, Ikk and the series of
downstream signaling ultimately culminating in the transloca-
tion of NF-kB to the nucleus [44-46]. As per our findings, we
also observed a strong selective association between TLR-2
and MyD88 (Fig. 2) in Ara-LAM pretreated cells with or with-
out Man-LAM treatment. Probing the downstream signaling,
Ara-LAM pretreatment of untreated and Man-LAM treated
macrophages exhibited a significant induction of IRAK-1 ex-
pression and in vitro kinase activity, along with inhibition of
IRAK-M/IRAK-1 association. IRAK-M is a negative regulator of
TLR-2 mediated signaling, and Man-LAM has been reported
to up-regulate IRAK-M expression, thus dampening the TLR-2
mediated upregulation of pro-inflammatory cytokine mRNA
transcription [23]. Since Ara-LAM treatment inhibits IRAK-
M expression, it is likely that this compound facilitated the
progression of downstream signaling cascade in Man-LAM
treated cells as well.
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Tracing further downstream of the TLR-2 signaling pathway,
we observed that Ara-LAM pretreatment induced Ikk-a ex-
pression and enzymatic activity which led to the phosphoryla-
tion and degradation of IkB-a. from the NF-kB-1kB complex in
the cytosol (Fig. 4) in untreated and Man-LAM treated cells.
Subsequently, there is a significant translocation and DNA
binding of NF-kB in Ara-LAM pretreated cells as shown by
EMSA (Fig. 5). The expression of pro-inflammatory cytokines
and Nitric Oxide (NO) is regulated by the different transcrip-
tion factors like NF-xB [47]. Earlier reports established that
NF-kB translocation to the nucleus and its binding to DNA are
down-regulated by Man-LAM, but Ara-LAM facilitates NF-
kB-DNA binding [49]. It is also known that Toll-Like Recep-
tor-2 (TLR-2) activation induces NF-kB dependent induction
of pro-inflammatory cytokine transcription [47, 49]. Finally it
was observed that the induction of pro-inflammatory cyto-
kines TNF-a and IL-12p40, as well as INOS mRNA by Ara-LAM
is TLR-2 dependent, as confirmed by transfection experiments
with TLR-2 specific siRNA (Fig. 6).

Thus from our detailed investigations involving the mechanism
of Ara-LAM mediated protection during Man-LAM induced
pathogenesis, we suggest that this glycolipid antigen isolat-
ed from non-pathogenic mycobacteria could be of immense
importance in the field of anti-tuberculosis immunotherapy,
since it could induce the pro-inflammatory cytokines creating
an anti-pathogenic environment within the host cell. This is
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a first time report that unveils the mechanism of Ara-LAM
mediated protection against mycobacterial pathogenesis by
triggering TLR-2 mediated signal transduction in Man-LAM
treated cells, thus hinting at TLR-2 signaling as a therapeutic
target in anti-mycobacterial immunotherapy.
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