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Introduction

Tuberculosis is a dreaded infectious disease, which, in its
new multi drug-resistant forms, affects millions of lives
around the world annually [1]. Mycobacterium tuberculosis,
the causative of the disease, survives by the suppression
of the host cell immune response [2]. Following the entry
of M. tuberculosis, different immune cells such as alveolar
macrophages (AM), neutrophils, T cells help in the
occurrence of the inflammatory reactions [3, 4] attempt-
ing to combat the pathogenic spread and establishment
in two stages. First, during the initial uptake and phago-
cytosis of the mycobacteria, AM produce toxic free
radicals, including superoxide anions (O2)) [5]. O2

) pro-
duction is catalysed by the NADPH Oxidase; a haeme-
containing cytochrome [6], which in turn is activated by
protein kinase C (PKC), a serine ⁄ threonine kinase that is
essential for the regulation of phagocytosis, respiratory

burst as well as NO induction [7–9]. At a later stage, the
quiescent macrophages are activated by the generation of
toxic nitric oxide (NO), under the effect of Th1 cyto-
kines, namely, tumour necrosis factor (TNF)-a, interferon
gamma (IFN-c) [10]. However, with prolonged persis-
tence of the pathogen, there is induction of an anti-
inflammatory environment induced by interleukin (IL)-10
and transforming growth factor-beta (TGF-b) within the
host cell, leading to the establishment of mycobacterial
pathogenesis [11, 12].

The modulation of host immune responses is reported
to be mediated by various glycolipid antigens on the cell
wall of mycobacteria, mainly Lipoarabinomannan [13–
15]. Virulent strains of M. tuberculosis modify the non-
reducing termini of the arabinofuranosyl side chains with
mannose cappings, yielding Mannosylated Lipoarabino-
mannan (Man-LAM) [16] that is implicated in the two-
stage establishment of mycobacterial pathogenesis as
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Abstract

Mycobacterium tuberculosis exerts its pathogenic effects mainly via its cell wall
glycolipid called Mannosylated Lipoarabinomannan (Man-LAM), which sub-
verts the cellular inflammatory responses by the suppression of superoxide
anion generation in earlier hours, and nitric oxide (NO) generation at later
hours of pathogenic invasion. In this paper, we have shown the prophylactic
effect of C-C chemokines, both in vitro and in vivo. Exogenous administration
of C-C chemokines, particularly monocyte chemoattractant protein (MCP)-1,
led to the induction of superoxide anion generation via the restoration of
impaired protein kinase C (PKC) signalling in Man-LAM-treated macrophages.
Monocyte chemoattractant protein-1 could also potently induce NO generation
by upregulation of the proinflammatory cytokines tumour necrosis factor-a
and interleukin-12 from Man-LAM-treated macrophages accompanied by inhi-
bition of anti-inflammatory responses. Our in vivo observations clearly exhib-
ited effective restoration of impaired PKC signalling as well as
proinflammatory cytokine expression by MCP-1 in Man-LAM treated as well
as M. tuberculosis H37Rv-infected C57BL ⁄ 6 mice. We also observed, as direct
evidence, that MCP-1 induced a significant reduction of the number of viable
tubercle bacilli in the lungs and spleen of infected mice. Collectively, our find-
ings strongly suggest the effectiveness of MCP-1 as a potent immunoprophy-
lactic tool for controlling the mycobacterial establishment within the host.
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described previously. Man-LAM is known to inhibit toxic
superoxide anion generation by impairment of classical
PKC signalling in host macrophages. In the later stage,
Man-LAM induces the survivability of host cells by stim-
ulating IL-10 release [17], a negative regulator of the
Th1 response [18, 19] along with the inhibition of TNF-
a, IFN-c or IL-12 mRNA [20].

Chemokines are the key molecules that recruit
immune cells by chemotaxis and act in leucocyte activa-
tion during inflammatory diseases [21]. We previously
demonstrated that C-C chemokines monocyte chemoattr-
actant protein (MCP)-1 and macrophage inhibitory pro-
tein-1a (MIP-1a) could render protection against
leishmaniasis both by the induction of NO and TNF-a
[22] as well as by upregulating the free radical generation
in early hours of Leishmania donovani infection in parasit-
ized cells [23]. Mycobacteria are engulfed by the macro-
phages, and in this process CCR2 (CC motif-2) receptor
plays a critical role in recruiting immune cells to the
infected lungs [10]. MCP-1, the ligand of CCR2, there-
fore is chiefly responsible for recruiting monocytes, den-
dritic cells and T cells [24–26] playing a critical role in
effective control of tuberculosis in mice, suggesting that
MCP-1 can substantially contribute to the host anti-
mycobacterial inflammatory responses.

Considering the importance of chemokines with
potentiality to control mycobacterial pathogenesis, a
detailed study on their involvement in the restoration of
altered cell signalling in human or murine model is yet a
naive area of research. In the present study, we thus
envisage a novel finding that the C-C chemokine MCP-1
could restore the impaired PKC and cytokine signalling
leading to free radical generation during mycobacterial
pathogenesis both in vitro and in vivo murine model.

Materials and methods

Materials. Recombinant mouse MIP-1a, MCP-1 (source:
mouse, purity >97%, endotoxin level <1.0 EU ⁄lg of the
cytokine) were purchased from R&D Systems Inc. (Minne-
apolis, MN, USA). Oligos for semi-quantitative PCR and
real-time PCR were purchased from Bangalore Genei
(Bangalore, India). TRIZOL (Sigma-Aldrich, St Louis,
MO, USA), dNTPs, RevertAidTM M-MuLV Reverse
Transcriptase, oligo dT and Taq polymerase and other
chemicals required for RT-PCR were purchased from
Fermentas (Glen Burnie, MD, USA). TRIZOL SYBR
Green Jump-Start Taq Ready Mix for Quantitative PCR
(Sigma-Aldrich). Anti-PKC-bI, anti-PKC-f, anti-PKC-bII
(rabbit polyclonal, reacts with rat, mouse and human ori-
gin), anti-rabbit IgG-FITC-conjugated (Sigma-Aldrich),
mouse monoclonal anti-b-actin antibody (Sigma-Aldrich).
Anti-p47phox and anti-p67phox antibodies were obtained
from Santa Cruz Biotech (Santa Cruz, CA, USA). IL-10,
IL-12 p40, IFN-c, TNF-a, TGF-b and glyceraldehyde-

3-phosphate dehydrogenase (GAPDH) oligos from Sigma-
Aldrich, [c-32P] ATP from JONAKI (Mumbai, India),
ELISA kits for IL-10, TNF-a and IL-12 are purchased from
R&D Systems Inc. All other chemicals were purchased
from either Sigma-Aldrich or Merck (Mumbai, India).

Animals. C57BL ⁄ 6 mice were purchased from the
National Center for Laboratory Animal Sciences, India.
For each in vitro experiment 8–10 mice (6–8 weeks old,
18–20 g weight) were used, regardless of sex. For in vivo
experiments, a total of 40 mice were used, each treatment
group composed of five mice, and the in vivo experiments
were repeated twice.

Culture of Mycobacterium tuberculosis H37Rv. Mycobacte-
rium tuberculosis H37Rv (ATCC 25177) was grown at
37 �C on Middlebrook 7H10 Agar (Difco, Detroit, MI,
USA) medium supplemented with 10% oleic acid, albu-
min, dextrose, catalase (OADC; Becton Dickinson, Sparks,
MD, USA) and 0.05% Tween-80 (Sigma). Bacteria grown
in late log phase were grown in liquid Middlebrook 7H9
media (Difco) supplemented with 0.2% glycerol, 0.05%
Tween-80 and 10% OADC. The bacterial culture was
divided into aliquots and stored at )70 �C. Vials were
thawed and CFU was determined on Middlebrook 7H10
agar, and single cell suspension was prepared as described
elsewhere [27].

Isolation and purification of Mannosylated Lipoarabinoman-
nan. Pure Man-LAM was obtained as a kind gift from
Dr S.K. Dasgupta (Department of Microbiology, Bose
Institute, Kolkata), who originally obtained from Dr
John Belisle (Colorado University).

Isolation of peritoneal macrophage. 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 earlier [28]. The adherent cell population was
cultured for 48 h prior to any treatment, to achieve the
resting state. More than 90% of the remaining adherent
cells found to be macrophages on the basis of morpholog-
ical criteria and non-specific esterase staining.

Treatment of macrophages. Peritoneal macrophages were
cultured overnight in RPMI-1640 medium supplemented
with 10% FBS (Gibco BRL, Grand Island, NY, USA).
They were pretreated with 50 ng ⁄ ml of rMCP-1 or MIP-
1a kept for 2 h following which the cells were treated
with Man-LAM at a dose of 10 lg ⁄ ml. The cells were
then incubated as per the requirements of the experiment.

PKC activity assay. Protein kinase C activity was
assayed in a phosphatidyl serine ⁄ diacylglycerol (PS ⁄ DG)
and Ca2+ ⁄ PS ⁄ DG-dependent manner by measuring the
incorporation of c-32P (JONAKI, DAE) into histone type
III-S (Sigma-Aldrich) as described by Majumdar et al.
[29]. Aliquots equivalent to 5 · 104 cells were incubated
in 50 ll reaction mixture consisting of 35 mM Tris-HCl
(pH 7.5), 0.01% Triton X-100, 10 mM b-mercaptoetha-
nol, anti-protease mixture, 0.4 mM EGTA, 10 mM
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MgCl2, 20 lg ⁄ ml PS, 2 lg ⁄ ml DG, 160 lg ⁄ ml Histone
type III-S and 50 lM (1 lCi) [c-32P] ATP in the presence
or absence of 0.6 mM CaCl2. Incubation was carried out
at 30 �C for 20 min and the reaction was stopped by
adding 5 ll of 75 mM ice-cold H3PO4 and spotted on
Whatman No. P-81 chromatography paper (Thomas Sci-
entific, Philadelphia, PA, USA and a generous gift from
Dr D. K. Chatterjee, BRL, USA). The Whatman papers
were washed with 75 mM H3PO4 three times to remove
the unbound counts followed by absolute ethanol and 32P
incorporation was determined in a liquid scintillation
counter (Wallac 1409, Perkin-Elmer, Suomi, Finland).
The activity of PKC was expressed as pmol of 32P incor-
porated ⁄ min ⁄ mg protein. The non-phospholipid-depen-
dent phosphorylation was subtracted from the total
amount of 32P incorporated to determine total PS ⁄ DG as
well as Ca2+ ⁄ PS ⁄ DG-dependent PKC activity.

Preparation of cell lysate and immunoblot analysis. Cells
cultured overnight in RPMI-1640 (Sigma-Aldrich) con-
taining 10% fetal calf serum (Gibco BRL) were subjected
to respective treatment for 24 h. The cells were then pel-
leted by centrifugation at 400 g for 15 min at 4 �C and
resuspended in ice-cold extraction buffer containing
10 mM Tris-HCl (pH 7.5), 4.5 mM EGTA, 50 mM

2-mercaptoethanol, and an anti-protease mixture contain-
ing 0.33 mM leupeptin, 0.2 mM phenylmethylsulphonylf-
louride, 4.8 trypsin inhibitor units of aprotinin
per millilitre, 0.35 mM antipain [30]. The macrophage-
containing suspension was sonicated at 4 �C and centri-
fuged at 4250 g for 10 min at 4 �C, and the supernatant
was then used for experiments.

Proteins were then quantified with Bio-Rad protein
assay reagent using BSA as a standard. Equal amounts of
protein in each lane were subjected to sodium dodecyl
sulphate-10% polyacrylamide gel electrophoresis (SDS-
10%PAGE) and transferred to a nitrocellulose membrane
[31]. The membrane was blocked overnight with 3%
bovine serum albumin in Tris-saline buffer (pH 7.5), and
immunoblotting was done as described previously by
Majumdar and co-workers [32].

Confocal microscopy. C57BL ⁄ 6 peritoneal macrophages
were subjected to treatment as described in Materials and
Methods sections. Ten minutes before harvesting, cells
were permeabilized with saponin. The cells were then har-
vested and washed, and resuspended in cold wash buffer
(PBS ⁄ 0.1% NaN3 ⁄ 1% FBS) centrifuged at 1000 g for
5 min. The cells were fixed with 1% paraformaldehyde,
washed and finally resuspended in 50 ll of wash buffer.
Anti-rabbit p47phox and p67phox antibodies were diluted to
a predetermined optimal concentration (1:500) in 50 ll of
FACS buffer. Cells (106) in 50 ll of wash buffer were
added to diluted antibody solution, mixed thoroughly by
tapping and incubated at 4 �C for 1 h. After washing thor-
oughly thrice in wash buffer, anti-rabbit IgG was added to
the cells (1:500). Specific antibody binding was detected

by fluorescein isothiocyanate-label (FITC-green fluores-
cence) and incubated in dark at 4 �C for 45 min. The reac-
tion was stopped by adding 200 ll of FACS buffer and
washed thrice. Finally, the cells were mounted with 90%
glycerol on a glass slide, and observed under a laser
scanning microscope (LSM 510; Carl Zeiss Inc., Jena,
Germany). Normal rabbit IgG (1:500) was used instead of
primary antibody as negative control in each case.

Superoxide anion generation. Super oxide anion (O2
))

generation was monitored using the super oxide dismu-
tase inhibitable cytochrome c reduction method [33].
Briefly, an aliquot of 2 · 106 cells was immediately
resuspended in 10 mM HEPES buffer and O2

) generation
was measured spectrophotometrically in the presence of
10)7 (M) N-formylmethionyl leucyl phenylalanine at
550 nm.

Nitrite generation assay by Greiss reaction. Nitrite accu-
mulation in culture was measured colorimetrically by the
Griess Reaction [34, 35] using a Nitric Oxide colorimet-
ric Assay Kit (Boehringer Mannheim Biochemicals, Indi-
anapolis, IN, USA). For the assay, 1 · 106 per millilitre
concentration of cells was cultured in a 24-well tissue
culture plate (Tarsons, Kolkata, India). Cell-free superna-
tant was collected and the nitrite level was estimated as
per the instructions of the manufacturer.

Measurement of cytokine release by sandwich ELISA. The
level of mouse TNF-a, IL-12 and IL-10 in the condi-
tioned medium of macrophage culture was measured
using the sandwich enzyme-linked immunosorbent assay
(ELISA) kit. For TNF-a (Factor Test X, R&D Systems,
detection limit: 15 pg ⁄ ml), for IL-12 (mouse IL-12p40
assay kit, R&D Systems, catalog # SM1240; sensitivity
<4 pg ⁄ ml) and for IL-10 (Quantikine M; R&D System).
The assay was performed per the detailed instructions of
the manufacturer. The detection limit of this assay was
15 pg ⁄ ml.

Isolation of RNA and semi-quantitative RT-PCR. RNA
was isolated according to the standard protocol [36, 37].
Briefly, total RNA was extracted from AM using TRI-
ZOLTM reagent (Sigma-Aldrich). Isolated total RNA was
then reverse transcribed using Revert AidTM MoMuLV
Reverse Transcriptase (Fermentas). The cDNA encoding
the gene was amplified using specific primers, for
IL-12p40 (forward 5¢-CAACATCA AGAGCAGTAG-
CAG-3¢; reverse 5¢-TACTCCCAGCTGACCTCCAC-3¢,
product size 799 bp); for TNF-a (forward 5¢-GGCA-
GGTCTACTTTGGAGTCATTGC-3¢; reverse 5¢-ACA-
TTCGAGGCTCCAGTG AATTCGG-3¢, product size
300 bp), for IFN-c (forward 5¢-GGATATCTGGAG-
GAACTGGC-3¢; reverse 5¢-CGACTCCTTTTTCC GCT-
TCCT-3¢, product size 433 bp) and for iNOS2 (forward
5¢-CCCTTCCGAAGTTTCTG GCAGCAGC-3¢; reverse
5¢-GGCTGTCAGAGCCTCGTGGCTTTGG-3¢, product
size 496 bp), PKC-bII gene was amplified using specific
primers (forward 5¢-TTGTGATGGAGTTGTGAAC-
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GGG-3¢; reverse 5¢-TTAGCTCTTGAATTCAGGTTTTA
AAAATTC-3¢, product size 770 bp), for PKC-f (forward
5¢-GTCCTCCCAGATGGAGCTGGAAG-3¢; reverse 5¢-
GAAGGCATGACAGAATCCAT-3¢, product size
359 bp); for IL-10 (forward 5¢-CGGGAAGACAATA-
ACTG-3¢; reverse 5¢-CATTTCCGATAAGGCTTGG-3¢;
product size 186 bp); for TGF-b (forward 5¢-GGATAC-
CAACTATTGCTTCAGCTTC-3¢; reverse 5¢-AGGCTC-
CAAATATAG GGGCAGGGTC-3¢, product size
146 bp). PCR amplification was conducted in a reaction
volume of 50 ll using a Perkin-Elmer Gen Amp PCR
system 2400 and 0.5 unit of Taq polymerase set for 35
cycles (denaturation: at 94 �C for 30 s; annealing: at
58 �C for 30 s; extension: at 72 �C for 30 s) for IL-
12p40 and IFN-c. For TNF-a and iNOS2, PCRs at
94 �C for 30 s, at 58 �C for 30 s and 72 �C for 1 min
were carried out for 30 cycles. For PKC-f, reaction was
carried out at 94 �C for 30 s; annealing at 58 �C for
30 s; extension at 72 �C for 30 s and for PKC-bII, PCRs
at 94 �C for 30 s, at 58 �C for 30 s and 72 �C for 1 min
were carried out for 30 cycles. For GAPDH as control
was PCR amplified using, forward 5¢-GCCATCAAC-
GACCCCTTC-3¢; reverse 5¢-AGCCCCAGCCT TCT-
CCA-3¢ oligos located in different exons as sense and
antisense primers respectively. The expected size of PCR
product is 242 bp. Twenty-five cycles of amplification at
94 �C for 30 s, at 58 �C for 30 s and 72 �C for 1 min
was performed. PCR amplified product was subsequently
size fractioned on 1% agarose gel, stained with ethidium
bromide and visualized under UV light. In negative con-
trol experiments with omission of the reverse transcrip-
tase, no PCR product was detected for any of the
cytokines and GAPDH primers (data not shown).

Real-time quantitative PCR. Real quantitative RT-PCR
was performed on iCycler (Bio-Rad Laboratories, Hercu-
les, CA, USA) using SYBR green reagent. The PCR mix-
ture (25 ll) contained 1.0 ll of each primer, 8 ll of
water, 12.5 ll of a commercial SYBR Green PCR master
mixture (Sigma) and 2.0 ll of cDNA. The samples were
placed in 96-well plates (Bio-Rad) that were sealed with
optical sealing tape (Bio-Rad). PCR amplifications were
performed 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 s at 94 �C, then 30 s at 58 �C and then
1 min at 72 �C followed by melt curve analysis. An
internal control GAPDH was amplified in separate tubes.
We have used the comparative cycle threshold method
(DDCt method) for relative quantitation of gene expres-
sion [38]. First, the Ct for the target amplicon and the
Ct for the internal control (GAPDH) were determined
for each sample. The DCt for each experimental sample
was subtracted from the calibrator. This difference was
called the DDCt value. Finally, the arithmetic calibrator
(2)DDCt) was used to calculate the amount of target nor-

malized to the amount of an internal control and relative
to the amount of the calibrator. Thus, all the values for
experimental samples were expressed as fold differences
between the sample mRNA and the calibrator mRNA.

Infection and treatment of C57BL ⁄ 6 mice in vivo. The
M. tuberculosis-infected group: The animals were divided
into three groups each containing five animals. The first
group of mice were injected with PBS (100 ll intrave-
nously through tail vein), the second group was inocu-
lated via the lateral tail vein with 1.0 · 107 viable
bacilli of M. tuberculosis H37Rv in a volume of 100 ll
PBS. The third group was subjected to rMCP-1 injection
(5 lg ⁄ kg body weight) 7 days post-infection [23, 39].
Fifteen days after inoculation, infection was confirmed by
Ziehl–Neelsen staining of tissue smears of lungs and
spleen after killing two animals. At 3 weeks post-infec-
tion [40], the AM of the mice were collected in TRIZOL
for RNA isolation, and the lungs and spleen collected for
CFU count.

Man-LAM-treated group: Separately, two groups of
mice were taken, each containing five animals each. One
group was treated with Man-LAM (100 lg in 100 ll
PBS injected i.v) [41] on day 1 and kept for 7 days. The
other group was injected with rMCP-1 (5 lg ⁄ kg body
weight) 2 days after Man-LAM treatment, and kept for 5
more days. At day 7, the mice were killed and AM were
isolated for total RNA preparation.

Isolation of alveolar macrophages. C57BL ⁄ 6 mice after
treatments and infection as described above were killed
and the trachea was exposed in an aseptical chamber. The
trachea was fitted with a narrow 1.7 mm cannula ⁄ catheter
and bronchoalveolar lavage (BAL) was performed with
chilled PBS containing 5 mM EDTA, 500 ll per lavage.
The procedure was repeated and the total BAL was pooled
in a tube containing RPMI-1640 medium with 10%
FBS. Lavaged cells were centrifuged at 300 g for 10 min,
counted and plated for 3 h in complete RPMI media till
the macrophages attached to the cell plate [42]. These
cells were proven to be macrophages because their flow
cytometric analysis with biotinylated anti-CD11b anti-
body and secondary streptavidin-conjugated antibody (BD
Pharmingen, Franklin Lakes, NJ, USA) showed more than
94% of positive cells (data not shown). The cell viability
was also checked by Trypan blue dye exclusion technique
and found to be >94% (data not shown).

Quantification of mycobacteria by CFU count. Lungs were
homogenized and cultured on plates containing Middle-
brook 7H10 agar medium to count colony-forming units
(CFU). The numbers of CFU were determined 21 days
after inoculation [43].

Densitometric analysis. Immunoblots were analysed
using a model GS-700 Imaging Densitometer and Molec-
ular Analyst (version 1.5; Bio-Rad Laboratories).

Statistical analysis. The data, represented as
mean ± standard deviation (SD), is from one experiment,
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which was performed at least three times. One- or two-
tailed Student’s t-test was employed to assess the signifi-
cance of the differences between the mean values of
control and experimental groups. A P-value of <0.05 was
considered significant and <0.001 was considered highly
significant.

Results

Role of C-C chemokines in the regulation of impaired

PKC signalling and superoxide anion generation in

Man-LAM-treated macrophages

Mannosylated Lipoarabinomannan is known to impair the
classical PKC signalling, superoxide anion generation and
induction of an altered signalling involving atypical
Ca-independent PKC-f. Recent reports establish the
involvement of classical PKC-b in the regulation of mac-
rophage function involved in host defence, and is a
crucial factor controlling chemotaxis and respiratory burst

mechanism of phagocytes [44–47]. Not only that, our
laboratory has recently established C-C chemokines that
could restore the impaired classical PKC signalling in L.
donovani-infected macrophages, thus inhibiting the pro-
gression of the disease [23]. Hence, we focused on
whether C-C chemokines MIP-1a and MCP-1 could
restore the impairment of classical PKC signalling in
Man-LAM-treated macrophages. We observed that MCP-
1 administration could significantly restore the impaired
classical PKC activity (Fig. 1A, **P < 0.01), however,
MIP-1a treatment did not show any significant change
in Man-LAM-treated cells.

To investigate whether this activity level was also
reflected at protein level, we performed Western blot
analysis. Immunoblot analysis of Ca ⁄ PS ⁄ DG-dependent
PKC-bII isotype showed that the MCP-1 treatment sig-
nificantly restored the expression of PKC-bII expression
(80 kDa) in Man-LAM-treated cells (Fig. 1C, lanes 2 and
5), however, the effect of MIP-1a remained insignificant
(Fig. 1B, lanes 2 and 6). Concomitantly, atypical
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Figure 1 Effect of C-C chemokines on classical protein kinase C (PKC)-mediated signal transduction and superoxide anion generation in Mannosylat-

ed Lipoarabinomannan (Man-LAM)-treated macrophages. Macrophages (M/) were pretreated with macrophage inflammatory protein (macrophage

inhibitory protein)-1a or macrophage chemoattractant protein (MCP)-1 for 2 h (50 ng ⁄ ml) and treated with Man-LAM (10 lg ⁄ ml) for 4 h. (A) The

activity of PKC was assayed with MgCl2, phosphatidyl serine, diacylglycerol and [c32-P] ATP, in the presence and absence of CaCl2 by measuring the
32P incorporation into histone type III-S (in pmol ⁄ min ⁄ mg protein). The data represents the mean ± SD of data from three independent experiments

that yielded similar results. *, ** indicate statistically significance (P < 0.05) and (P < 0.01) of PKC activity respectively. (B) Expression of different
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Ca-independent PKC-f (67 kDa) expression (Fig. 1B,
lanes 2 and 5) was inhibited by rMCP-1 treatment in
Man-LAM-treated macrophages.

Classical PKC is known to induce phosphorylation of
NADPH Oxidase components p47phox and p67phox [8, 9]

with translocation from the cytosol to the cell membrane
[5, 6, 44], leading to the generation of superoxide anion
[7, 30]. Hence, we studied whether MCP-1 had any role
on p47phox and p67phox translocation and superoxide
anion generation in Man-LAM-treated macrophages. In
this case, the cells were incubated with FITC-conjugated
anti-p47phox and -p67phox antibodies and subjected to
confocal microscopy, where translocation to the cell
membrane was indicated by enhanced fluorescence near
the cellular periphery. Our data clearly showed promi-
nent translocation of both p47phox (Fig. 1D, panel 3) and

p67phox (Fig. 1E, panel 3) in Man-LAM-treated cells
under rMCP-1 pretreatment, compared to those in Man-
LAM-treated cells, where the proteins are located in the
cytosol (Fig. 1D,E, panel 2).

As the activated NADPH Oxidase complex is known
to generate superoxide anion, we studied the role of C-C
chemokines on production of super oxide anion. Exoge-
nous addition of MCP-1 (50 ng ⁄ ml) followed by Man-
LAM treatment of macrophages exhibited a significant
restoration (**P < 0.03) of superoxide anion generation
(Fig. 1F), when compared to Man-LAM-treated cells.
However, administration of MIP-1a failed to exhibit a
significant restoration of superoxide anion under similar
conditions.

Effect of C-C chemokines on nitrite generation in

Man-LAM-treated macrophages

Besides superoxide anion, NO is also one of the impor-
tant cytotoxic free radicals released by the host cell to
combat pathogenic invasion, including M. tuberculosis
[48]. Previous reports from our laboratory established
that C-C chemokines could potently confer protection
against visceral leishmaniasis via NO generation [22].
Hence, we studied NO generation under the effect of
rMCP-1 and rMIP-1a in Man-LAM-treated macrophages.
It was clearly observed that the Man-LAM induced inhi-
bition of NO and iNOS2 mRNA expression could be
prominently increased by MCP-1 pretreatment of macro-
phages followed by Man-LAM treatment, but not by
MIP-1a (Fig. 2, **P < 0.01). Finding that MIP-1a was
not capable of substantially restoring the impaired free
radical generation in Man-LAM-treated macrophages, we
have not performed the further experiments with this
chemokine.

MCP-1 induced proinflammatory cytokine and inhibited

anti-inflammatory cytokine expression in Man-LAM-treated

macrophages

As NO generation is induced by proinflammatory cyto-
kines, and Man-LAM induced suppression of NO genera-
tion is due to diminished expression of proinflammatory
cytokines [20] along with increased IL-10 release [17],
therefore we concentrated on studying the profile of pro-
inflammatory cytokines TNF-a and IL-12. It was clearly
found that MCP-1 induced the expression of TNF-a
(Fig. 3A, lane 4, **P < 0.01) and IL-12 (Fig. 3B, lane 4,
***P < 0.001, *P < 0.05) mRNA significantly upon
pretreatment of Man-LAM-treated macrophages. A simi-
lar observation was found at the protein level
(Fig. 3D,E).

Anti-inflammatory cytokines, mainly IL-10 helps in
the establishment of pathogenesis by inhibiting IFN-c-
mediated killing and nitrite (NO) generation during var-
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ious infections like Toxoplasma gondii and Schistosoma
mansonii infection [49, 50]. Hence, we were prompted to
study whether MCP-1 could effectively control and regu-
late IL-10 release in Man-LAM-treated macrophages. Our
findings clearly exhibited that exogenous administration
of rMCP-1 (50 ng ⁄ ml) could significantly inhibit IL-10
mRNA expression (Fig. 3C) as well as IL-10 secretion
(Fig. 3F, *P < 0.05) in Man-LAM-treated macrophages.

Effect of MCP-1 on the expression of PKC-bII and PKC-f

in alveolar macrophages in C57BL/6 mice infected with

Mycobacterium tuberculosis H37Rv

As observed in our in vitro results, we investigated
whether MCP-1 treatment could restore the impairment
of classical PKC-mediated signal transduction in M.
tuberculosis H37Rv-infected mice (as well as Man-LAM-
injected mice under similar conditions). The relative
expression of PKC mRNA in AM of infected mice was
studied by semi-quantitative RT-PCR method. As
observed in vitro, a significant inhibition of PKC-bII at
the level of mRNA expression was found in M. tuberculo-
sis H37Rv-infected mice and Man-LAM-injected mice

(Fig. 4A, lanes 1, 2 and 4). This impairment of PKC-bII
was substantially restored by MCP-1 treatment (Fig. 4A,
lanes 3 and 5). We also observed significant induction of
PKC-f mRNA (Fig. 4B, lanes 2 and 4) in the AM of
infected ⁄ Man-LAM-injected mice, but with MCP-1
treatment, the induction of PKC-f mRNA expression
(Fig. 4B, lanes 3 and 5) was substantially inhibited when
compared to infected ⁄ Man-LAM-injected mice.

We quantified the production of RNA transcripts
using real-time quantitative PCR. In M. tuberculosis-
infected mice (and Man-LAM-injected mice) subjected to
MCP-1 treatment, there were 4.5-fold and 3.2-fold
increases in the expression level of PKC-bII mRNA,
respectively, compared to that for infected ⁄ Man-LAM-
injected mice (Fig. 4C). However, in infected mice (and
Man-LAM-injected mice) the expression levels of PKC-f
mRNA was enhanced 5.2-fold and 3.8-fold, respectively,
compared to the uninfected mice. Interestingly, in MCP-
1-treated mice following M. tuberculosis H37Rv infection
(or Man-LAM treatment) there was a reduction in 2.7-
fold and twofold PKC-f mRNA expression compared to
infected (and Man-LAM) injected mice respectively
(Fig. 4C).
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MCP-1 regulates proinflammatory and anti-inflammatory

cytokine balance in Mycobacterium tuberculosis-infected

C57BL/6 mice

To confirm our in vitro observations, we investigated the
expression both proinflammatory and anti-inflammatory
cytokines in Man-LAM-injected as well as M. tuberculosis
H37Rv-infected mice. In agreement with our in vitro
data, it was found that in M. tuberculosis-infected ⁄ Man-
LAM-injected mice, the AM exhibited a prominently
diminished expression of TNF-a, IL-12 or IFN-c
(Fig. 5A–C, lanes 2 and 4), along with iNOS2 (Fig. 5D,
lanes 2 and 4) which were upregulated significantly in
infected mice injected with MCP-1 (Fig. 5A–D, lanes 3
and 5). The quantitative real-time PCR analysis (Fig. 5E)
showed a significant 6.1-fold, 8.4-fold, sevenfold and
fivefold enhancement of TNF-a, IL-12, IFN-c and

iNOS2, respectively, in AM of MCP-1-treated group of
infected mice compared to uninfected group. The same
in case of Man-LAM-injected mice showed a similar pro-
file.

We also studied the profiles of anti-inflammatory
cytokines IL-10 and TGF-b mRNA expressions that were
enhanced in the AM of Man-LAM-injected as well as M.
tuberculosis-infected mice. The above could be promi-
nently diminished by MCP-1 pretreatment (Fig. 5F,G,
lanes 3 and 5). The above RT-PCR data agreed well with
real-time PCR analyses of the same, with 9.6-fold
(***P < 0.001) and 4.1-fold (**P < 0.02) decreases in
the IL-10 and TGF-b levels in MCP-1-treated group of
mice compared to infected mice (Fig. 5H).

MCP-1 treatment restricts the number of viable

mycobacteria in lungs of Mycobacterium tuberculosis

H37Rv-infected C57BL/6 mice

Our in vitro findings prompted us to study whether
MCP-1 could restrict the number of viable mycobacteria
in a murine model of tuberculosis. Three groups of
8-week-old C57BL ⁄ 6 mice (as described in the Materials
and methods section) were either left untreated (treated
with PBS) or treated with MCP-1 (5 lg ⁄ kg of body
weight) on day 7 after infection. Mice were killed on day
21 post-infection and the CFU count was determined.
MCP-1 treatment of infected mice showed that CFU
count was significantly decreased compared to the
infected controls, as assessed by lung (**P < 0.02). The
change in spleen CFU was not very significant (Fig. 5I).
This result clearly suggests that MCP-1 effectively
restricts the pathogenesis in vivo.

Discussion

The present investigation was undertaken to find out the
role of C-C chemokines in the scenario of mycobacterial
pathogenesis, both in vitro and in vivo. It is well known
that any pathogenic entry or engulfment of a virulent
factor within a host cell triggers a flurry of immediate
inflammatory reactions to destroy its pathogenic effects.
Our previous reports establish that C-C chemokines par-
ticularly MIP-1a and MCP-1 render protection to macro-
phages infected with L. donovani via NO generation [22]

as well as through superoxide anion generation by resto-
ration of classical Ca2+ ⁄ PS ⁄ DG-dependent PKC-medi-
ated activation of NADPH Oxidase components [23].

It is known that free radicals, superoxide anion in
the early hours [33] and NO in the later hours of
pathogenic entry are essential for the control of patho-
genic establishment [48], and MCP-1 played a critical
role in recruiting phagocytic cells to the site of myco-
bacterial invasion [24, 25]. Hence, we studied the
effect of C-C chemokines MCP-1 and MIP-1a on the
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generation of free radicals in Man-LAM-treated macro-
phages. It was clearly observed that MCP-1, but not
MIP-1a, significantly restored superoxide anion genera-
tion via the restoration of Ca ⁄ PS ⁄ DG-dependent PKC-
bII signalling and translocation of NADPH Oxidase
components p47phox and p67phox proteins to the cell
membrane in Man-LAM-treated macrophages (Fig. 1),
as also observed in case of L. donovani-infected macro-
phages [23]. Not only that, MCP-1 treatment also led
to significant induction of NO generation (**P < 0.01)
in Man-LAM-treated macrophages in the later stages of
pathogenesis (Fig. 2). As NO generation is mediated
by the expression and secretion of proinflammatory
cytokines, we studied the profile of TNF-a and IL-12
expression in Man-LAM-treated macrophages under
MCP-1 treatment. Our findings clearly suggested that
the increase in NO generation was due to the signifi-
cant induction of proinflammatory cytokines TNF-a
(**P < 0.01) and IL-12 (***P < 0.001, *P < 0.05)

accompanied with inhibition of IL-10 release
(*P < 0.05) in Man-LAM-treated macrophages under
the effect of MCP-1 (Fig. 3).

Having exhibited the protective role of MCP-1 in vitro,
we showed its anti-mycobacterial effects on M. tuberculosis
H37Rv-infected C57BL ⁄ 6 mice and Man-LAM-injected
mice. In concordance with our in vitro findings, we
observed a prominent restoration of classical PKC-bII
mRNA expression and inhibition of atypical PKC-f
expression in MCP-1-treated infected mice (Fig. 4).
Besides, we observed distinct induction of proinflamma-
tory cytokines TNF-a, IL-12p40 and IFN-c along with
decrease in anti-inflammatory cytokines IL-10 and TGF-
b expressions in the AM of MCP-1-treated mice follow-
ing infection or Man-LAM treatment (Fig. 5). As direct
evidence, we observed a very significant reduction
(**P < 0.01) in the number of viable tubercle bacilli in
the lungs and spleen of MCP-1-treated group of infected
mice (Fig. 5).
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Therefore, from our detailed studies, we strongly sug-
gest that MCP-1 could be a potent candidate for the con-
trol of mycobacterial infection. In this era of drug
resistance, a molecule that could restore the normal cellu-
lar signal transduction mediated by classical PKC, regu-
late the cytokine balance and induce anti-microbial free
radical generation could be an effective alternative in
restricting the progression of tuberculosis in immuno-
compromised patients worldwide.
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