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Background:Mtbhsp60 induces TLR2-mediated anti-inflammatory response inmacrophages, but themechanisms are not
well understood.
Results: Clathrin-dependent TLR2-mediated endocytosis of Mtbhsp60 is required to induce anti-inflammatory response via
p38 MAPK activation.
Conclusion:Mtbhsp60 induces anti-inflammatory response upon endocytosis. Blockage of endocytosis predominantly leads to
pro-inflammatory cytokine production.
Significance: This information is important to tailor the Mtbhsp60-triggered IL-10 signaling to specifically block the excess
nonprotective Th2-type response.

Understanding the signaling pathways involved in the regula-
tion of anti-inflammatory and pro-inflammatory responses in
tuberculosis is extremely important in tailoring a macrophage
innate response to promote anti-tuberculosis immunity in the
host. Although the role of toll-like receptors (TLRs) in the reg-
ulation of anti-inflammatory and pro-inflammatory responses
is known, the detailed molecular mechanisms by which the
Mycobacterium tuberculosis bacteria modulate these innate
responses are not clearly understood. In this study, we demon-
strate that M. tuberculosis heat shock protein 60 (Mtbhsp60,
Cpn60.1, and Rv3417c) interacts with both TLR2 and TLR4
receptors, but its interactionwithTLR2 leads to clathrin-depen-
dent endocytosis resulting in an increased production of inter-
leukin (IL)-10 and activated p38MAPK. Blockage of TLR2-me-
diated endocytosis inhibited IL-10 production but induced
production of tumor necrosis factor (TNF)-� and activated
ERK1/2. In contrast, upon interaction with TLR4, Mtbhsp60
remained predominantly localized on the cell surface due to
poorer endocytosis of the protein that led to decreased IL-10
production and p38 MAPK activation. The Escherichia coli
homologue of hsp60 was found to be retained mainly on the
macrophage surface upon interactionwith either TLR2 orTLR4
that triggered predominantly a pro-inflammatory-type immune

response. Our data suggest that cellular localization of Mtbhsp60
upon interactionwith TLRs dictates the type of polarization in the
innate immune responses in macrophages. This information is
likely to help us in tailoring the host protective immune responses
againstM. tuberculosis.

The host innate immune response to tuberculosis is highly
complex and is associated with induction of both anti-inflam-
matory and pro-inflammatory type of cytokines (1, 2). The pro-
inflammatory cytokines like IL-12 and TNF-�, secreted by the
macrophages, are considered to be critical for conferring pro-
tection against infection with Mycobacterium tuberculosis
(3–5). However, anti-inflammatory cytokines like IL-10 pro-
duced by the activated macrophages favor a T-helper 2 (Th2)4-
type of immune response by inhibiting production of protective
cytokines, promoting bacterial survival, and associating with
chronic progression of tuberculosis (6–10).
The Toll-like receptors (TLR) are key sensors ofM. tubercu-

losis infection and play an important role in shaping up the
innate immune responses of the host (11–14). A number of
mycobacterial proteins and lipids are found to be involved in
mediating signals through the TLRs (11). TLRs are a group of
pattern recognition receptors that are capable of recognizing
several pathogen-specific ligands and produce diverse arrays of
cytokines that regulate the effector functions of the macro-
phages (12–14). Among the TLRs, the TLR2 and the TLR4
receptors have been implicated to play a major role in the acti-
vation of macrophages by mycobacteria (15). These receptors
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can regulate the effector functions differently in response to
various mycobacterial ligands by producing different levels of
counteractive anti-inflammatory and pro-inflammatory cyto-
kines (11, 16–21). However, the exact molecular mechanisms
by which the TLR-mediated anti-inflammatory and pro-in-
flammatory responses are regulated during mycobacterial
infection are not clearly understood.
Several microbial heat shock proteins (HSPs) have been

demonstrated to modulate the macrophage effector function
by inducing various cytokines in both TLR-dependent and -in-
dependent ways in addition to their classical chaperonin func-
tions (22–27). Among theM. tuberculosis heat shock proteins,
HSP65 and HSP70 were found to induce pro-inflammatory
cytokines in human dermal endothelial cells in TLR2- and
TLR4-dependent ways (28). Another M. tuberculosis heat
shock protein Mtbhsp60 (Cpn60.1, Rv3417c) is also known to
be a very potent stimulator of cytokine production in macro-
phages and is believed to play an important role inM. tubercu-
losis virulence (26).
In our previous studies, we found that Mtbhsp60 primarily

targeted the TLR2 signaling cascades to inhibit nuclear trans-
location of c-REL and consequently decreased the production
of IL-12 p40 in purified protein derivative (PPD)-activated
macrophages (29). It appears that interaction ofMtbhsp60with
TLR2 plays an important role in inducing a dominant Th2-type
response duringM. tuberculosis infection that favors the intra-
cellular survival of the bacilli (8, 9). One of the possible mecha-
nisms by whichMtbhsp60 blocks IL-12 p40 induction could be
through induction of anti-inflammatory mediators like IL-10.
The IL-10 cytokine has been shown to inhibit IL-12 p40 induc-
tion in macrophages (6, 30, 31) primarily by targeting the c-Rel
transcription factor (32). Therefore, it may be possible that
Mtbhsp60 predominantly activates IL-10 production through
its interaction with TLR2, which subsequently inhibits c-REL
vis à vis IL-12 p40 in activatedmacrophages (29).We also found
that interaction ofMtbhsp60 with TLR4 but not TLR2 resulted
in increased production of IL-12 (29). Therefore, it appears that
Mtbhsp60 is unique in orchestrating anti-inflammatory and
pro-inflammatory responses depending on its specific interac-
tion with TLR2 or TLR4.
In this study, we present evidence that may explain how

Mtbhsp60 induces opposing inflammatory cytokines upon its
interaction with TLR2 or TLR4. We found that upon engage-
ment with TLR2, clathrin-dependent endocytosis is required
for Mtbhsp60 to activate p38 MAPK and production of the
anti-inflammatory IL-10 cytokine. However, induction of pro-
inflammatory cytokines such as TNF-� by Mtbhsp60 required
its sequestration to the membrane either through TLR2 or
TLR4 resulting in activation of ERK1/2 signaling cascades. To
the best of our knowledge, herein we demonstrate for the first
time that differential localization ofMtbhsp60 in the endosome
or the cell surface upon interaction with TLRs can dictate two
counteracting effector functions in macrophages. These find-
ingsmay be useful in devising strategies to regulatemacrophage
innate responses to engineer a host protective immunity
against theM. tuberculosis infection.

EXPERIMENTAL PROCEDURES

Cloning, Expression, and Purification of Mtbhsp60 and
Ecolihsp60—The M. tuberculosis hsp60 (Mtbhsp60) and Esch-
erichia coli hsp60 (Ecolihsp60) clones were the kind gifts from
Dr. Shekhar C. Mande, Centre for DNA Fingerprinting and
Diagnostics, Hyderabad, India. The recombinant Mtbhsp60
proteinwas purified by nickel-nitrilotriacetic acid affinity chro-
matography as described earlier (29, 33). The protein was dia-
lyzed extensively against 50 mM Tris-Cl, pH 8.0, and concen-
trated using Amicon ultrafiltration assembly. The Ecolihsp60
protein was purified as described elsewhere (34). Briefly, the
crude extract was salted in at 30% and salted out at 65% and
further purified by ion exchange chromatography, using
HiLoad 16/60 Q-Sepharose HP column (GE Healthcare). The
protein sample was equilibrated in a loading buffer (50 mM

Tris-Cl, pH 8.0, and 1 mM EDTA) by dialysis and was loaded
onto the column. A step gradient of 50 mM NaCl increments
was applied to the column, and the Ecolihsp60 protein was
eluted at 400 mM NaCl. The protein was dialyzed extensively
against 50 mM Tris-Cl, pH 8.0. Endotoxin contamination was
removed by incubating the protein with 10% v/v polymyxin
B-agarose (Sigma) as described by us earlier (35). The endo-
toxin content of the recombinant protein was measured by
Limulus amebocyte lysate assay (E-toxate kit from Sigma).
Isolation of Peritoneal Macrophages—Peritoneal macro-

phages were harvested from C57Bl/6 mice obtained from
National Institute of Nutrition, Hyderabad, India. The mice
were injected intraperitoneally with 1 ml of 4% sterile thiogly-
colate broth, and after 3 days, peritoneal macrophages were
isolated as described earlier (35, 36). The animal experiments
were conducted at the National Institute of Nutrition,
Hyderabad, India, upon approval by the Institutional Animal
Ethics Committee of the National Institute of Nutrition,
Hyderabad, India. Experiments using TLR2 and TLR4 knock-
out (KO) mice were conducted at the animal house facility of
International Centre for Genetic Engineering and Biotechnol-
ogy, New Delhi, India, according to the guidelines of the Insti-
tutional Animal Ethics Committee.
Macrophage Stimulation Assay—The human monocyte/

macrophage cell line THP-1 was obtained from the National
Centre for Cell Science, Pune, India, and maintained in RPMI
1640 medium (Invitrogen) supplemented with 10% (v/v) heat-
inactivated FBS, 2mM L-glutamine, 100 units/ml penicillin, and
100 �g/ml streptomycin (all from Invitrogen) at 37 °C in a
humidified incubator maintaining 5% CO2. THP-1 cells were
treated with 20 ng/ml PMA (Sigma) for 24 h followed by over-
night rest. The PMA-differentiated THP-1 macrophages or
peritoneal macrophages from C57Bl/6 mice (3 � 106 cells per
ml) were treated with either various concentrations or a fixed
concentration of 3 �g/ml of Mtbhsp60 or Ecolihsp60. In some
experiments, the PMA-differentiated THP-1 macrophages
were pretreated for 1 h with 10 �g/ml of either anti-human
TLR2 mAb (mouse immunoglobulin G2a (IgG2a)), anti-hu-
man TLR4 mAb (mouse IgG2a), anti-mouse TLR2 Ab, or
anti-mouse TLR4 Ab (all from Imgenex) or with both anti-
TLR2 Ab and anti-TLR4 Ab for 60 min at 37 °C and sub-
sequently exposed to 3 �g/ml of purified Mtbhsp60 or
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Ecolihsp60 protein. In control groups, isotype-matched antibody
of IgG2a isotype (BD Biosciences) was added at the same concen-
trations. Cellswere either harvested after 1, 2, and 5h for checking
IL-10mRNAexpressionbysemi-quantitativeRT-PCRorcultured
for 48 h for measuring IL-10/TNF-� levels secreted in the culture
supernatants by enzyme immunoassay (EIA). In some experi-
ments, macrophages were pretreated with 50 or 100 �Mmonodan-
sylcadaverine (MDC) (Sigma) prior to exposurewithMtbhsp60.
Cytokine EIA—The levels of IL-10 andTNF-� cytokineswere

quantified by two-site sandwich EIA (BD Biosciences) as
described earlier (35, 37). Standard curve for these cytokines
were obtained using the recombinant standard proteins pro-
vided by the manufacturer.
Semi-quantitative Reverse Transcription PCR (RT-PCR)

Analysis of IL-10 and TNF-�—For semi-quantitative RT-PCR,
PMA-differentiated THP-1 macrophages or peritoneal macro-
phages from either C57Bl/6 wild-type (WT), TLR2 KO, or
TLR4 KO mice were incubated with Mtbhsp60 (3 �g/ml) for
various time points or for a fixed time point of 1 or 2 h. In some
experiments, macrophages were pretreated with neutralizing
antibody to TLR2 or TLR4 or isotype control antibody for 1 h at
37 °C followed by incubation with Mtbhsp60. Total RNA was
extracted from these groups using TRIzol, and about 2 �g of
total RNA was reverse-transcribed using Moloney murine leu-
kemia virus reverse transcriptase as per the manufacturer’s
instruction (Invitrogen). Semi-quantitative PCR was per-
formed to measure the mRNA levels of various experimental
groups. For human IL-10, the forward primer 5�-GCAACCT-
GCCTAACATGCTTCG-3� and reverse primer 5�-GAAGAT-
GTCAAACTCACTCATGGC-3� were used where the annea-
ling temperature was 65 °C. �-Actin was used as an internal
control with the forward primer 5�-GTGATGGTGGGCATG-
GGTCA-3� and reverse primer 5�-TTAATGTCACGCACGA-
TTTCCC-3�, and the annealing temperature used was 58 °C.
The amplification conditions were as follows: denaturation at
94 °C for 30 s, annealing for 1 min at the appropriate tempera-
ture, and extension at 72 °C for 2min. Formouse IL-10, TNF-�,
andGAPDH the forward primers 5�-TGCTATGCTGCCTGC-
TCTTA-3�, 5�-ACGTCGTAGCAAACCACCAAG-3�, and 5�-
ACTTTGGCATTGTGGAAGG-3� and the reverse primers
5�-TCATTTCCGATAAGGCTTGG-3�, 5�-CTCTTGACGGC-
AGAGAGGAGG-3�, and 5�-ACACATTGGGGGTAGGAACA-
3�, were used, respectively. The amplification conditions were
as follows: denaturation at 94 °C for 30 s, annealing for 45 s at
55 °C, and extension at 72 °C for 1 min. After 30 cycles, the
amplicons for human IL-10 (388 bp) and �-actin (510 bp) as
well as mouse IL-10 (242 bp), TNF-� (249 bp), and GAPDH
(221 bp) were resolved by electrophoresis on 1.2% agarose gels
and visualized by ethidium bromide staining. Quantification of
the mRNA was performed by densitometric analysis using
AlphaEaseFC software and the Spot Denso tool (version 7.0.1;
Alpha Innotech, San Leandro, CA).
TLR2 and TLR4 siRNA—The negative control scrambled

siRNA, TLR2 targeting siRNA (sense, 5�-GCCUUGACCUGU-
CCAACAtt-3�, where the lowercase letters represent two
deoxy bases that serve as overhangs for cleavage by dicer), and
TLR4 targeting siRNA (sense 5�-CCAAUCUAGAGCACUUG-
GAtt-3�) were purchased from Ambion Inc. and were used ac-

cording to the manufacturer’s instructions as described earlier
(29). Transfection of PMA-differentiated THP-1 macrophages
was carried out using Lipofectamine 2000 (Invitrogen). Mac-
rophages were seeded at a density of 2 � 106 cells per well in a
12-well plate and were transfected with 100 nM siRNAs. After
6 h, the culturemediumwas replaced, and the cells were kept in
culture for an additional 24 h. The transfected cells were activ-
ated with 3 �g/ml of Mtbhsp60 for 48 h, and IL-10 levels were
quantified in the culture supernatants by EIA.
Biotinylation ofMtbhsp60—Mtbhsp60proteinwasbiotinylated

using a commercially available biotinylation kit from Pierce as
describedearlier (38).Briefly,Mtbhsp60was incubatedwith5-fold
molar excess of sulfo NHS-biotin reagent (sulfosuccinimidyl-2-
[biotinamido] ethyl-1,3-dithiopropionate) for about 1 h at
room temperature. The unconjugated biotin was removed
from the biotinylated protein sample by desalting using Ami-
con ultracentrifugal filter units. Biotinylation of the proteinwas
confirmed by EIA using streptavidin conjugated to HRP.
Labeling of Mtbhsp60 and Ecolihsp60 with FITC—FITC-la-

beled Mtbhsp60 (Mtbhsp60-FITC) or Ecolihsp60 (Ecolihsp60-
FITC) was prepared by incubating the purified recombinant
Mtbhsp60 or Ecolihsp60 protein with FITC using a commer-
cially available FITC antibody labeling kit fromPierce following
the manufacturer’s protocol.
Flow Cytometry Analyses—To examine surface expression of

TLR2/TLR4, the PMA-differentiated THP-1 macrophages
were incubatedwith 10�g/mlmouse anti-TLR2mAbormouse
anti-TLR4mAb or isotype-matched IgG2a antibody for 60min
at 4 °C followed by incubation with FITC-conjugated goat anti-
mouse IgG (Sigma) for another 45 min at 4 °C. Cells were
washed and resuspended in sheath fluid. Cell-bound fluores-
cence was measured with a BD FACSVantage SE (BD Biosci-
ences) using CellQuest data acquisition and analysis software
(BD Biosciences). In some experiments, PMA-differentiated
THP-1 macrophages (0.5–1 � 106 cells) were pretreated for 60
minwith 10�g/ml of either anti-TLR2mAb or anti-TLR4mAb
or IgG2a isotype control antibody followed by incubation with
biotin-labeled Mtbhsp60 protein for 5 and 30 min on ice and
then incubated with streptavidin-FITC for 45 min at 4 °C. The
fluorescence was measured by flow cytometry.
Confocal Microscopy—PMA-differentiated THP-1 macro-

phages were seeded in a chamber slide (BD Biosciences) and
incubated with 10 �g/ml Mtbhsp60-FITC at 37 °C for 15 min.
In experiments with inhibitor, cells were preincubated for 30
min with 100 �M concentration ofMDC. In some experiments,
macrophages were pretreated with 10 �g/ml neutralizing anti-
TLR2, anti-TLR4 mAb, or isotype control Ab and then incu-
bated with Mtbhsp60-FITC/Ecolihsp60-FITC for 15 min. The
cellswerewashed and fixedwith 3%paraformaldehyde (Sigma).
Confocal microscopy was performed on a Zeiss LSM
510META laser scanning microscope (Carl Zeiss).
Measurement of Phospho-p38 and Phospho-ERK1/2 byWest-

ern Blotting and Flow Cytometry—The PMA-differentiated
THP-1 macrophages (1–2 � 106) were preincubated with anti-
TLR2 mAb or anti-TLR4 mAb or isotype-matched control
antibody (10 �g/ml) and then treated with 3 �g/ml Mtbhsp60
for 15 min at 37 °C. Cells were lysed using Laemmli sample
buffer as described earlier (38). Equal amounts of the extracts
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were separated by 12% SDS-PAGE, and following electropho-
retic transfer, the nitrocellulose membranes were incubated
with antibody to either phospho-p38 (BDBiosciences) or phos-
pho-ERK1/2 (Cell Signaling Technology), total p38 (BD Biosci-
ences), or total ERK1/2 (Cell Signaling Technology). Mem-
branes were washed and incubated with appropriate secondary
Ab conjugated to HRP (Sigma). Bound enzymewas detected by
ECL following the manufacturer’s protocol (GE Healthcare) as
described earlier (38).
The expression levels of phosphorylated p38 and ERK1/2 in

these macrophages were also determined by flow cytometry as
described earlier (38, 39). For this, cells (1–2 � 106) were fixed
with 1.5% paraformaldehyde (Sigma) for 10 min at 37 °C and
chilled on ice for 1 min. After washing with staining buffer (1%
BSA and 0.1% sodium azide in PBS), the cells were permeabi-
lized using freshly prepared 90% ice-cold methanol for 30 min
on ice. The cells were then washed three times in staining buffer
andblocked in the samebuffer for 10min at 37 °C.Cellswere then
incubatedwith100-folddilutedantibody toeitherphospho-p38or
phospho-ERK1/2 (Cell SignalingTechnology) followedby incuba-
tion with anti-rabbit or anti-mouse IgG-FITC (Sigma) at 37 °C.
Finally, the cells were washed and resuspended in PBS and ana-
lyzed in BD FACSVantage SE (BD Biosciences).
Electrophoretic Mobility Shift Assay (EMSA)—EMSA was

performed following the protocol as described earlier (35). The
nuclear extracts (10 �g) and 1 ng of �-32P-end-labeled NF-�B
consensus binding sequence 5�-AGTTGAGGGGACTTTC-
CCAGG-3� were incubated for 30 min at room temperature in
binding buffer (20mMHEPES, 0.5mMDTT, 1mMMgCl2, 1mM

EDTA, and 5% glycerol) containing 2 �g of poly(dI-dC). The
DNA-protein complex was resolved on 7% native gel in 1�
TGE running buffer (25 mM Tris base, 190 mM glycine, 1 mM

EDTA, pH 8.3). Specificity of the binding was confirmed by
competition with 100-fold excess of unlabeled probe. The gel
was dried at 80 °C for 1 h and exposed to imaging plate (Fuji
Film) overnight. Visualization of the radioactive bands was car-
ried out using a STARION image scanner (Fuji FilmFLA-9000).
In Silico Analysis of Secondary Structures of Mtbhsp60 and

Ecolihsp60—The Mtbhsp60 structure was determined by
homology modeling using the Mtbhsp60.2 structure available in
the Protein Data Bank (PDB) (chain A of PDB code 1SJP) as tem-
plate. The sequence alignment ofMtbhsp60 andMtbhsp60.2 was
carriedout using theClustalW2 software. The protein sequence
of Mtbhsp60 (43–527 amino acids) showed about 62% identity
with that of 65-kDaHSP60.2 ofM. tuberculosis, with an E-value
of 2e-163 and a sequence coverage of 89%. The Modeler9 ver-
sion 5 program (40, 41) was used for homology model building,
and the structure was validated using the on-line server SAVES.
The structural model with the best Verify3D profile was selected
and further subjected to energy minimization (42, 43). The
GROMACS program package 4.0.1 (44) was used for energymin-
imizationby applying theGROMOS9643a1 force field algorithms
and the steepest descent methods.
The energy-minimized structure of Mtbhsp60 was used for

structural comparisonwithEcolihsp60 structure (crystal structure
of Ecolihsp60 (chaperonin GroEL; chain A of PDB code 2EU1)
retrieved from the PDB) (45). The degree of structural deviation
between the Mtbhsp60 and Ecolihsp60 was calculated by deter-

mining the rootmean square deviation by superimposing the two
molecules using the Swiss PDBViewer version 4.0.1 software (46).
The root mean square deviation values suggest significant struc-
tural deviations between the two protein structures.
Statistical Analysis—Data were expressed as mean � S.D. of at

least three independent experiments performed with similar
results. Student’s t testwasused todeterminestatisticaldifferences
between the groups. p � 0.05 was considered to be significant.

RESULTS

Mtbhsp60 Activates IL-10 Induction in Macrophages—Ear-
lier, we found that Mtbhsp60 could inhibit PPD-induced pro-
inflammatory response inmacrophages (29). As IL-10 is known
to inhibit production of pro-inflammatory cytokines (6, 30, 31),
we speculated that Mtbhnsp60 can induce IL-10 production in
macrophages. Therefore, to analyze the ability of Mtbhsp60 to
activate IL-10 induction in macrophages, PMA-differentiated
THP-1 macrophages were treated with either a fixed concen-
tration (3 �g/ml) or titrating concentrations of Mtbhsp60, and
the macrophages were either harvested after 1, 2, and 5 h post-
treatment to analyze IL-10 mRNA expression by RT-PCR or
cultured for a period of 48 h to measure the amount of IL-10
secreted in the culture supernatants by EIA. The recombinant
Mtbhsp60 protein was found to activate IL-10 production in
THP-1 macrophages in a dose-dependent manner (Fig. 1A).
Mtbhsp60 could induce IL-10 transcript as early as 1 h post-
treatment at 3 �g/ml concentration (Fig. 1B).

To rule out the observed effects due to endotoxin contami-
nation in the recombinant Mtbhsp60 preparation, the protein

FIGURE 1. Mtbhsp60 induces IL-10 production in THP-1 macrophages.
PMA-differentiated THP-1 macrophages were treated with either titrating
concentrations of the purified Mtbhsp60 or a fixed concentration (3 �g/ml) of
proteinase K-treated Mtbhsp60. A, IL-10 cytokine level was estimated by EIA
in various culture supernatants harvested after 48 h of incubation. B, total
RNA was extracted from various groups as described under “Experimental
Procedures,” and IL-10 mRNA expression was measured at various time
points by semi-quantitative RT-PCR. Results shown are representative of
three to four different experiments.
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preparation was treated with polymyxin B, a specific inhibitor
of bacterial lipopolysaccharide (LPS) (35), and the endotoxin
content of the Mtbhsp60 protein preparation was found to be
very low (less than 0.01 EU/ml) by Limulus amebocyte lysate
assay.We found that treatment ofMtbhsp60 with proteinase K
significantly abrogated its ability to induce IL-10, and the
induction level was comparable with that ofmedium alone (Fig.
1A, compare lane 5 with lane 1) indicating that the observed
effect is specific to Mtbhsp60. Mtbhsp60 was also found to
induce IL-10 cytokine in human monocyte-derived macro-
phages (data not shown).
Interaction ofMtbhsp60withTLR2Receptors Is Important for

Induction of IL-10 in Macrophages—Like many other HSPs
(47, 48), we found that Mtbhsp60 can interact with both the

TLR2 and TLR4 receptors. Time-dependent increase in the
cell-bound Mtbhsp60-specific fluorescence could be detected
in THP-1 cells preincubated with anti-TLR2 anti-TLR4 as well
as isotype-matched control antibodies followed by treatment
with Mtbhsp60 labeled with biotin and subsequent incubation
with streptavidin-FITC conjugate (Fig. 2A). To determine the
TLR receptor involved inMtbhsp60-mediated IL-10 induction,
specific TLR receptors were blocked by preincubating the
THP-1 macrophages either with anti-TLR2, anti-TLR4 mAb,
or isotype-matched control antibody and subsequently treated
with Mtbhsp60, and the levels of IL-10 produced by these
macrophages were measured by RT-PCR or EIA. It was found
that compared with the group treated with medium alone, a
significant increase in the IL-10 mRNA was observed upon

FIGURE 2. IL-10 activation by Mtbhsp60 is TLR2-dependent. A, PMA-differentiated THP-1 macrophages were pretreated with either 10 �g/ml of anti-TLR2
mAb or anti-TLR4 mAb or isotype-matched control antibody for 1 h and then incubated with 10 �g/ml of biotin-labeled Mtbhsp60 at 4 °C for 5 and 30 min
followed by incubation with streptavidin-FITC. The fluorescence was measured by flow cytometry. B, PMA-differentiated THP-1 macrophages were pretreated
with 10 �g/ml of anti-TLR2 mAb or anti-TLR4 mAb or isotype-matched control antibody for 1 h and cultured for 2 h in the presence of 3 �g/ml of Mtbhsp60.
Total RNA was extracted, and IL-10 levels were measured by semi-quantitative RT-PCR, and quantification of the IL-10 mRNA was performed by densitometric
analysis using AlphaEaseFC software and the Spot Denso tool (version 7.0.1; Alpha Innotech, San Leandro, CA). Data are expressed as mean � S.D. of three
independent experiments. C, PMA-differentiated THP-1 macrophages were pretreated with neutralizing mAb to either TLR2 or TLR4, isotype-matched control
antibody, or with both anti-TLR2 mAb and anti-TLR4 mAb in the absence or presence of Mtbhsp60 (3 �g/ml). After 48 h, IL-10 cytokine levels in culture
supernatants from various groups were measured by EIA. D, experiments were also set to measure IL-10 levels by EIA in C57Bl/6 peritoneal macrophages
treated with 10 �g/ml of anti-TLR2 Ab, anti-TLR4 Ab, or isotype control antibody in the absence or presence of Mtbhsp60 (3 �g/ml). Results shown are
representative of three different experiments.
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exposure to Mtbhsp60 in the groups of those pretreated with
either anti-TLR4 mAb or isotype-matched control antibody
(Fig. 2B). However, in contrast, pretreatment with anti-TLR2
mAb had little effect on IL-10 gene expression in the presence
of Mtbhsp60 (Fig. 2B). Similar results were also observed when
IL-10 was measured in the culture supernatant by EIA (Fig. 2C,
compare bars 5 and 7 with bar 3; p � 0.001 in both the cases).
When cells were treated with both anti-TLR2 and anti-TLR4,
the IL-10 level was comparable with that of medium alone (Fig.
2C, compare bar 9 with bar 1 and see supplemental Fig. 1).
Comparable results were also observed in peritoneal macro-
phages from C57Bl/6 mice (Fig. 2D, compare bars 5 and 7 with
bar 3; p � 0.001 in both the cases) suggesting that Mtbhsp60-

mediated induction of IL-10 in macrophages is predominantly
dependent on its interaction with TLR2. No significant differ-
ences were observed in the cell viability in antibody and
Mtbhsp60 co-treated groupswith that of the control group that
was treated with medium alone (supplemental Fig. 2).
To further confirm the role of TLR2 in Mtbhsp60-mediated

IL-10 induction, we determined the amount of IL-10 produced
in macrophages that were deficient in either TLR2 or TLR4.
Therefore, siRNA-mediated gene silencing was carried out
using TLR-specific siRNAs in THP-1 macrophages, and the
consequent reductions in the levels of surface expression of
TLR2 or TLR4 were confirmed by flow cytometry (supplemen-
tal Fig. 3). Consistent with our previous observations with neu-
tralizing antibodies (Fig. 2), we found thatMtbhsp60-mediated
IL-10 induction was higher in TLR4-deficient cells when com-
pared with that of TLR2-deficient cells (Fig. 3, compare bar 6
with bar 5; p� 0.001). Collectively these data suggest that IL-10
induction by Mtbhsp60 is predominantly mediated through
TLR2-induced signaling.
IL-10 Activation byMtbhsp60 Is Dependent on the Endocyto-

sis of Mtbhsp60 via TLR2 Receptors—We next investigated the
probable mechanisms involved in the TLR2-dependent activa-
tion of IL-10 by Mtbhsp60. Earlier studies on human and chla-
mydial HSP60s suggest that activation of macrophage innate-
effector responses by heat shock proteins is dependent to a
great extent on theTLR-mediated, clathrin-dependent endocy-
tosis (48), and clathrin-dependent endocytosis is known to be a
major pathway for internalization of transmembrane receptors
(49). Therefore, we investigated whether receptor-mediated
endocytosis of Mtbhsp60 is a prerequisite for activation of
IL-10. PMA-differentiated THP-1 macrophages were incu-
bated with FITC-labeled Mtbhsp60 (Mtbhsp60-FITC) in the
absence or presence of MDC, a selective cytoskeleton microtu-
bule inhibitor that is known to block clathrin-dependent endo-
cytosis (50), and we examined the cellular distribution of
Mtbhsp60-associated fluorescence using confocal microcopy.
It was observed that THP-1 macrophages treated with MDC
had poorly internalized Mtbhsp60-FITC (Fig. 4A) resulting in

FIGURE 3. Silencing of TLR2 expression by siRNA down-regulates
Mtbhsp60-induced IL-10 in THP-1 macrophages. PMA-differentiated
THP-1 macrophages were transfected with negative control siRNA or TLR2-
specific siRNA or TLR4-specific siRNA. After 24 h post-transfection, cells were
incubated with Mtbhsp60 (3 �g/ml) for 48 h, and levels of IL-10 were meas-
ured by EIA in the culture supernatants. Results shown are representative of
three independent experiments.

FIGURE 4. MDC inhibits Mtbhsp60-mediated induction of IL-10 in THP-1 macrophages. A, PMA-differentiated THP-1 macrophages in a chamber slide were
preincubated for 30 min without or with MDC (100 �M) followed by incubation with 10 �g/ml of Mtbhsp60-FITC at 37 °C for 15 min. Cells were fixed and
washed, and the cell bound fluorescence was analyzed by confocal laser scanning microscopy. B, PMA-differentiated THP-1 macrophages were either left
untreated or pretreated with 50 or 100 �M MDC and subsequently incubated with 3 �g/ml of Mtbhsp60. IL-10 cytokine level was estimated by EIA in various
culture supernatants harvested after 48 h of incubation. Results shown are representative of three different experiments.
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increased cell surface accumulation of Mtbhsp60 (supplemen-
tal Fig. 4). After incubation ofMtbhsp60withmacrophages, the
protein was found to be co-localized with early endosome anti-
gen 1 (EEA1), an early endosome-specific marker (supplemen-
tal Fig. 5) suggesting receptor-mediated endocytosis of the pro-
tein. Concurrently, Mtbhsp60-mediated IL-10 induction was
also significantly compromised in THP-1 macrophages treated
with MDC as compared with the macrophages treated with
medium alone (Fig. 4B, compare bar 4 and bar 5with bar 3; p�
0.01 and p� 0.001, respectively).MDChad no significant effect
on cell viability at both 50 and 100 �M concentrations used in
these experiments (supplemental Fig. 6). These results suggest
that receptor-mediated clathrin-dependent endocytosis of
Mtbhsp60 is required for IL-10 induction in macrophages.
Because in previous experiments we observed a direct role of

TLR2 in the Mtbhsp60-mediated activation of IL-10 (Figs. 2
and 3), we next examined whether internalization ofMtbhsp60
was actually mediated through the TLR2 receptor. Therefore,
PMA-differentiated THP-1 macrophages were pretreated with
10 �g/ml of anti-TLR2 or anti-TLR4 mAb to block the TLR2
or TLR4 receptors, respectively, and then incubated with
Mtbhsp60-FITC (10 �g/ml) for 15 min at 37 °C, and we exam-
ined the intracellular distribution of Mtbhsp60. The control
group received isotype-matched antibody. We found that the
macrophages pretreated with anti-TLR2 mAb showed higher
cell surface-associated fluorescence as compared with the

macrophages pretreated with either anti-TLR4mAb or isotype
control antibody (Fig. 5A) indicating impaired endocytosis in
the anti-TLR2 antibody-treated group. These results suggest
thatMtbhsp60 is internalized upon interaction with TLR2, and
its interaction with TLR4 stalls this protein predominantly at
the cell surface (Fig. 5A). Upon internalization, the Mtbhsp60
was also found to be colocalized along with TLR2 (supplemen-
tal Fig. 7). In the next experiments, we pretreated THP-1
macrophages with anti-TLR4 antibodies to allow Mtbhsp60 to
interact predominantly with TLR2, and we blocked the TLR2-
mediated endocytosis byMDCandmeasured the levels of IL-10
in these cells. As expected, IL-10 induction was found to be
strongly inhibited when endocytosis of Mtbhsp60 through
TLR2 was inhibited (Fig. 5B, compare bar 4 with bar 3; p �
0.01). Similar results were obtained using peritoneal macro-
phages from C57Bl/6 mice (Fig. 5C, compare bar 4 with bar 3;
p � 0.001). These data suggest that endocytosis of Mtbhsp60 is
required to induce IL-10 post-binding to the TLR2 receptors.
Mtbhsp60-induced TNF-� Production Is Largely Dependent

on the Signaling Generated by Surface-bound TLR-Mtbhsp60
Immune Complex—It is believed thatMtbhsp60 is also respon-
sible for TNF-� induction as M. tuberculosis mutants lacking
the groEL homologue Cpn60.1 (Mtbhsp60) failed to induce an
inflammatory response and was unable to induce formation of
granuloma in the murine experimental model (51). TNF-� is
known to be one of the critical factors involved in the granu-

FIGURE 5. IL-10 activation by Mtbhsp60 is dependent on TLR2-mediated endocytosis of Mtbhsp60. A, PMA-differentiated THP-1 macrophages were
pretreated with 10 �g/ml of anti-TLR2 mAb or anti-TLR4 mAb or isotype-matched control antibody for 1 h and further incubated for 15 min in the presence of
Mtbhsp60-FITC (10 �g/ml) at 37 °C. Cells were fixed and washed, and the endocytosis was examined by confocal laser scanning microscopy. PMA-differenti-
ated THP-1 macrophages (B) or peritoneal macrophages (C) from C57Bl/6 mice were pretreated with 10 �g/ml of anti-TLR4 Ab or isotype control Ab for 1 h and
then incubated with 3 �g/ml of Mtbhsp60 in the absence or presence of 100 �M MDC. After 48 h of incubation, IL-10 cytokine level was measured by EIA in
various culture supernatants. Results shown are representative of at least three different experiments.
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loma formation (3, 52–54). Interestingly, in human endothelial
cells, induction of TNF-� by some other mycobacterial heat
shock proteins like HSP65 and HSP70 was found to be TLR4-
dependent (28). Because our previous experiments suggest that
Mtbhsp60 interacts with both the TLR2 and TLR4 receptors
and TLR2 is involved in Mtbhsp60-mediated IL-10 induction,
we speculated a role of TLR4 in inducing TNF-� production.
Therefore, we blocked either the TLR2 or the TLR4 or both the
TLR2 and TLR4 receptors using respective blocking antibodies
and then treated the cells with 3 �g/ml Mtbhsp60. It was
observed that inhibition of TLR4-Mtbhsp60 interaction with
anti-TLR4 antibody resulted in significantly poorer TNF-�
production in THP-1 macrophages in response to Mtbhsp60
when compared with that of anti-TLR2- or isotype-matched
control antibody-treated cells (Fig. 6, compare bar 4with bar 6
and bar 2; p � 0.01 in both the cases). These results indicate
that Mtbhsp60 probably targets the TLR4 to trigger induction
of the pro-inflammatory cytokines like TNF-�. Earlier we
found that when Mtbhsp60 interacted with TLR2 it undergoes
receptor-mediated endocytosis to induce IL-10, whereas its
interaction with TLR4 left the protein mostly surface-bound
(Fig. 5A). These observations tempted us to speculate that
TNF-� induction is triggered by signals generated predomi-
nantly by the surface-bound Mtbhsp60-TLR4 complexes,
whereas induction of IL-10 is driven by the signals generated by
Mtbhsp60 localized in the endosome upon receptor-mediated
endocytosis through TLR2. To test this hypothesis, we next
blocked the TLR2-mediated endocytosis ofMtbhsp60 byMDC
and examined whether surface-bound TLR2-Mtbhsp60 com-
plexes can also induce production of TNF-�. Themacrophages
were therefore pretreated either with isotype control antibody

or anti-TLR4 antibody and then treated with Mtbhsp60 in the
absence or presence of MDC. True to our expectations, we
found that blockage of receptor-mediated endocytosis in the
presence ofMDC could significantly increase the production of
TNF-� in isotype control antibody-treated cells (Fig. 6, com-
pare bar 3 with bar 2; p � 0.05). When TLR2-mediated endo-
cytosis of Mtbhsp60 was blocked in the presence MDC, pro-
duction of TNF-� was also significantly increased (Fig. 6,
compare bar 5 with bar 4; p � 0.01). Interestingly, in such
situations, production of IL-10 was found to be significantly
reduced in macrophages when TLR2-mediated endocytosis of
Mtbhsp60 was inhibited in the presence of MDC (Fig. 5, com-
pare bar 4 with bar 3). These data suggest that Mtbhsp60 can
induce starkly opposite cytokine responses in macrophages
depending on its cellular localization post-binding to TLRs.
Because blockage of TLR2 and TLR4 receptors together with
the respective antibodies had no significant increase in the
Mtbhsp60-mediated TNF-� production (Fig. 6, lane 7) or
IL-10 (Fig. 2C, lane 9; supplemental Fig. 1) over medium
control, it appears that the Mtbhsp60 primarily targets the
TLR2 and the TLR4 receptors to influence cytokine signaling
in macrophages.
To further corroborate our findings, we also used macro-

phages harvested from TLR2 KO and TLR4 KO mice. The
thioglycolate-elicited peritoneal macrophages from C57Bl/6
WT, TLR2 KO, and TLR4 KO mice were left untreated or
treated with Mtbhsp60 at a concentration of 3 �g/ml, and
the levels of IL-10 and TNF-� produced by these macro-
phages were measured by semi-quantitative RT-PCR. The
results shown in Fig. 7 indicate that Mtbhsp60 could increase
IL-10 mRNA expression in macrophages harvested from

FIGURE 6. Interaction of Mtbhsp60 with TLR4 or TLR2 in the presence of MDC triggers TNF-� production. PMA-differentiated THP-1 macrophages were
pretreated with 10 �g/ml of neutralizing mAb to either TLR2 or TLR4, or isotype-matched control antibody, or with both anti-TLR2 mAb and anti-TLR4 mAb for
1 h and subsequently incubated with Mtbhsp60 (3 �g/ml) in the absence or presence of MDC (100 �M), and TNF-� cytokine levels were quantified after 48 h
in different culture supernatants by EIA. Results shown are representative of three different experiments.
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either wild-type or TLR4 KO mice; however, a near control
level of IL-10 mRNA expression in response to Mtbhsp60
was observed inmacrophages harvested fromTLR2 KOmice
(Fig. 7, A and B). In contrast, a strong TNF-� induction by
Mtbhsp60 was observed predominantly in macrophages har-
vested from either wild-type or TLR2 KO mice, whereas
Mtbhsp60 failed to trigger TNF-� mRNA expression in
macrophages harvested from TLR4 KOmice, and the mRNA
level was almost similar to the medium-treated control
(Fig. 7, A and C). These results clearly demonstrate that
Mtbhsp60 primarily targets the TLR2 to induce IL-10 and
the TLR4 to activate TNF-� cytokine in macrophages.
E. coli Heat Shock Protein 60 (Ecolihsp60) Is RetainedMainly

on the Macrophage Surface upon Interaction with Either TLR2
or TLR4 and Triggers Induction of TNF-�—The E. coli homo-
logue of Mtbhsp60, Ecolihsp60 (groEL), is known to induce
predominantly a pro-inflammatory cytokine response in
macrophages and human monocytes (25, 55, 56). We found
that Ecolihsp60 can bind to both the TLR2 and TLR4 receptors
on THP-1 macrophages (supplemental Fig. 8). Interestingly,
interaction of Ecolihsp60 with either TLR2 or TLR4 left the
protein mostly stranded on the cell surface. When THP-1
macrophages were pretreated with isotype-matched control or
anti-TLR2 or anti-TLR4 Ab and subsequently incubated with

Ecolihsp60-FITC and allowed it to endocytose at 37 °C, we
observed very strong cell surface-bound fluorescence using
confocal microscopy due to poor TLR-mediated endocytosis of
Ecolihsp60 (Fig. 8A). As earlier we observed triggering of
TNF-� production by surface-boundMtbhsp60, we speculated
that interaction of Ecolihsp60 with either TLR2 or TLR4 would
trigger TNF-� production due to its inherent inability to
undergo receptor-mediated endocytosis unlike interaction of
Mtbhsp60 with TLR2. We found that the blockage of either
TLR2 or TLR4 receptors using respective blocking antibodies
led to production of similar levels of TNF-� (Fig. 8B, compare
bar 3 with bar 4). Interestingly, in the presence of isotype-
matched Ab, where both the TLR2 and TLR4 receptors are free
to interact with the Ecolihsp60, the levels of TNF-� were found
to be significantly higher as compared with that of TLR2 or
TLR4 alone and almost summed up the levels of TNF-� pro-
duced together by these receptors (Fig. 8B, compare bar 2 with
bars 3 and 4).
Although the heat shock proteins are highly conserved, the

biochemical features of Mtbhsp60 are known to be deviated
significantly from its E. coli homologue, Ecolihsp60. Mtbhsp60
appears to exist in a lower oligomeric state as comparedwith its
E. coli counterpart due to substitutions in some crucial inter-
face residues required to stabilize its inter-subunit interactions

FIGURE 7. Mtbhsp60 targets the TLR2 to induce IL-10 and the TLR4 to activate production of TNF-� in macrophages. Thioglycolate-elicited peritoneal
macrophages from C57Bl/6 WT, TLR2 KO, and TLR4 KO mice were either left untreated or treated with Mtbhsp60 (3 �g/ml) for 1 h. A, total RNA was extracted,
and IL-10 and TNF-� levels were measured by semi-quantitative RT-PCR. Densitometric analyses were performed for IL-10 (B) and TNF-� (C) using the
AlphaEaseFC software and the Spot Denso tool, normalized for GAPDH, and reported as arbitrary densitometric units. Values are means � S.D. of the
densitometric analysis of three independent experiments.
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(33). It is likely that there are also significant deviations at the
structural level of themonomers thatmight explain some of the
observed functional differences between these two homolo-
gous proteins. Therefore, we determined the three-dimen-

sional structure of Mtbhsp60 using homology modeling (Fig.
9A) and superimposed with that of Ecolihsp60 (Fig. 9B). The
overall root mean square deviation of the Mtbhsp60 (green)/
Ecolihsp60 (blue) (Fig. 9C) was found to be 4.89 Å, indicating a
significant deviation exists between these two proteins at the
conformational level.
p38MAPKand ERK1/2 Signaling Play Important Roles in the

TLR-dependent Induction of IL-10 andTNF-� byMtbhsp60—A
number of TLR ligands are known to activate various MAPKs,
including p38 MAPK, ERK1/2, and JNK 1/2 (57, 58), and
MAPKs play crucial roles in regulating the innate cytokine pro-
duction in macrophages (59). We and others have shown that
p38 MAPK and ERK1/2 signalings are crucial in regulating the
anti-inflammatory and pro-inflammatory cytokines in macro-
phages by mycobacterial components (38, 60–67). It has been
reported that activation of p38 MAPK plays a critical role for
IL-10 production (62, 66), whereas TNF-� secretion is predom-
inantly dependent on ERK1/2 activation in macrophages (11,
61). Therefore, we compared the phosphorylation status of p38
MAPK and ERK1/2 in situations whereMtbhsp60 is endocyto-
sed by interactingwithTLR2 and thereby resulting in dominant
production of IL-10 to situations where it is predominantly
sequestered on the cell surface, like interactions with TLR4 or
with TLR2 in the presence of MDC, resulting in increased pro-
duction of TNF-�. Therefore, THP-1 macrophages were
treated either with anti-TLR2 antibody to allow binding of
Mtbhsp60 to TLR4 or with anti-TLR4 antibody to allow bind-
ing ofMtbhsp60 to TLR2 receptors, respectively, and we exam-
ined the phosphorylation status of p38 MAPK and ERK1/2 by
flow cytometry and Western blotting. It was observed that
interaction ofMtbhsp60withTLR2 leads to phosphorylation of
p38 MAPK predominantly as early as 10 min and to a lesser
extent ERK1/2 (Fig. 10, A and B). However, engagement of
Mtbhsp60 with TLR4 predominantly phosphorylated the
ERK1/2 at the same time point (Fig. 10, A and B). Conversely,
blocking of TLR2-mediated endocytosis of Mtbhsp60 by MDC
had little effect onp38MAPKphosphorylation status, but ERK1/2
phosphorylationwas found tobe significantly increased (Fig. 10C).
Interestingly, activation of p38 MAPK has been reported to be
crucial for triggering early endocytic membrane traffic (68, 69).
Taken together, these data suggest that endocytosis of

FIGURE 8. Interaction of Ecolihsp60 either with TLR2 or TLR4 results in
induction of TNF-�. A, PMA-differentiated THP-1 macrophages were pre-
treated with 10 �g/ml of anti-TLR2 mAb or anti-TLR4 mAb or isotype-
matched control antibody for 1 h, followed by incubation with Ecolihsp60-
FITC (10 �g/ml) at 37 °C for 15 min. Cells were fixed and washed, and
endocytosis of the protein was assessed by confocal laser scanning micros-
copy. B, PMA-differentiated THP-1 macrophages were pretreated with 10
�g/ml of anti-TLR2 mAb or anti-TLR4 mAb or isotype-matched control anti-
body for 1 h and then incubated with 3 �g/ml Ecolihsp60. TNF-� levels were
quantified after 48 h in different culture supernatants by EIA. Data are repre-
sentative of mean � S.D. of three different experiments.

FIGURE 9. Secondary structure comparison of Mtbhsp60 with Ecolihsp60. A, secondary structure of the Mtbhsp60 protein model predicted based on
homology modeling with Modeler software is shown (green) after its energy minimization. B, solved crystal structure of Ecolihsp60 obtained from Protein Data
bank (chain A of PDB code 2EU1) is displayed (blue). C, superimposed structures of Mtbhsp60 and Ecolihsp60.
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Mtbhsp60 through TLR2 predominantly activates p38 MAPK
leading to IL-10 induction, whereas surface-bound Mtbhsp60
activates ERK1/2 causing higher induction of TNF-�. There-
fore, it appears that the cellular localization of Mtbhsp60 fol-
lowing interaction with TLRs dictates the type of MAPKs to be
activated and subsequently the kind of cytokine responses to be
produced in the macrophages.
Because TNF-� is shown to be dominantly regulated by the

NF-�B transcription factors (70), and becauseTLR4 is known to
activate NF-�B (71, 72), it is expected that interaction of TLR4
with Mtbhsp60 could activate the NF-�B transcription factor
more dominantly as compared with the condition where
Mtbhsp60 was allowed to interact with TLR2. Therefore,
THP-1 macrophages were treated with Mtbhsp60 in the
absence or presence of neutralizing Ab to either TLR2 or TLR4

or isotype-control Ab, and nuclear extracts were used to check
the specific DNA binding activity of the NF-�B complex by
EMSA using NF-�B consensus oligonucleotide probe (73)
labeled with [�-32P]ATP. The EMSA result indeed indicates a
stronger activation of NF-�B when Mtbhsp60 interacted with
TLR4 (Fig. 11A). Blocking of NF-�B activity in the anti-TLR2
Ab-treatedmacrophages by specific NF-�B inhibitors like BAY
11-7082 (74, 75) as well as pyrrolidine dithiocarbamate (35, 76)
could inhibit TNF-� induction in these cells (Fig. 11B) indicat-
ing a role of NF-�B downstream of TLR4 in the regulation of
pro-inflammatory cytokines by Mtbhsp60.

DISCUSSION

Activation of macrophages via distinct pathogen recognition
receptors like the TLRs results in stimulation of specific cyto-

FIGURE 10. Comparison of phosphorylation status of p38 MAPK and ERK1/2 mediated by Mtbhsp60 between the TLR2 receptor that undergoes
endocytosis against TLR2 or TLR4 that does not undergo endocytosis. A, PMA-differentiated THP-1 macrophages were pretreated with 10 �g/ml of
anti-TLR2 mAb or anti-TLR4 mAb or isotype-matched control Ab for 1 h and then treated with Mtbhsp60 (3 �g/ml) for 15 min. After permeabilization,
macrophages were incubated with antibody to either phospho-p38 or phospho-ERK1/2 followed by incubation with anti-rabbit IgG-FITC or anti-mouse
IgG-FITC, and fluorescence was analyzed by flow cytometry. B, in another experiment, THP-1 macrophages were pretreated with 10 �g/ml of either anti-TLR2
mAb or anti-TLR4 mAb or isotype-matched control Ab followed by incubation with Mtbhsp60 (3 �g/ml). Cells were lysed, and the levels of phosphorylated and
total p38 MAPK as well as phosphorylated and total ERK1/2 levels were measured by Western blotting. C, PMA-differentiated THP-1 macrophages were
pretreated with neutralizing mAb to TLR4 (10 �g/ml) for 1 h and then treated with Mtbhsp60 for 15 min in the absence or presence of MDC (100 �M). The
phosphorylation status of p38 MAPK and ERK1/2 was analyzed by flow cytometry. Results are representative of three experiments.
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kines in the macrophages. Several studies have highlighted the
distinct roles of TLR2 and TLR4 agonists to modulate T cell
immune responses by regulating expression of anti-inflamma-
tory and pro-inflammatory cytokines (11, 16, 19, 21, 77, 78).
In addition to their classical chaperone functions, several

HSPs were implicated to play a role in modulating the innate
effector functions of macrophages (22). Several microbial heat
shock proteins, includingM. tuberculosis, are known to activate
macrophage-derived cytokine production (23–28). Among the
M. tuberculosis heat shock proteins, the Mtbhsp60 (Cpn60.1,
Rv3417c) is known to be a very potent stimulator of cytokine
production in macrophages and is believed to be an important
virulence factor for M. tuberculosis (26). Up-regulation of
Rv3417c expression inside the macrophages suggests that
Mtbhsp60 might offer a survival advantage to the bacteria
within the host (79).
The Mtbhsp60 is known to induce both pro-inflammatory

cytokines like TNF-�, IL-12, and anti-inflammatory cytokine
IL-10 (26); however, the mechanisms for such opposing cyto-
kine responses were not well understood. Previously, we found
that Mtbhsp60 could differentially modulate PPD-induced
IL-12 p40 production in macrophages in a TLR-dependent
fashion. Blockage of Mtbhsp60-TLR4 interaction using anti-
TLR4 antibody resulted in significant reduction in IL-12 p40
production, whereas blocking its interaction with TLR2 using
anti-TLR2 antibody could significantly augment PPD-induced
IL-12 p40 production (29). These data indicated that interac-
tion of Mtbhsp60 with TLR2 predominantly induced anti-in-
flammatory signaling. Herein, we found that interaction of
Mtbhsp60 with TLR2 led to predominantly anti-inflammatory

IL-10 production as opposed to its interaction with TLR4 that
induced very little IL-10 but triggered predominantly produc-
tion of pro-inflammatory cytokine like TNF-�. Interestingly, a
complete inhibition of IL-10 was observed in primary macro-
phages but not in PMA-differentiated THP-1 macrophages
using 10 �g/ml of anti-TLR2 blocking Ab. However, a combi-
nation of both the TLR2 and TLR4 Abs at the same concentra-
tion was able to completely inhibit the production of IL-10 in
these cells. This could possibly be due to the fact that THP-1 is
a monocyte/macrophage tumor cell line known to respond dif-
ferently when compared with the primary macrophages (80,
81). Therefore, it is possible that in the PMA-differentiated
THP-1 macrophages, downstream TLR signaling pathways
may not be as tightly regulated as in the primary macrophages.
However, anti-TLR2 Ab was able to inhibit almost 70% of the
IL-10 produced by the control group treated with isotype control
Ab. This indicates a predominant role of the TLR2 receptors in
triggering IL-10 production byMtbhsp60 even in a surrogate cell
line like THP-1, which was used frequently by several groups (29,
82, 83).The data obtained by usingmacrophages from theTLR2
aswell asTLR4knock-outmice once again support our findings
that Mtbhsp60 predominantly targets the TLR2 receptors to
induce IL-10 cytokine. Similarly, the anti-TLR4 Ab alone was
probably not sufficient to completely block the TLR4-specific
signaling cascades crucial for induction of TNF-� in THP-1
macrophages.
The TLR2 and TLR4 receptors are known to regulate the

effector functions differently in response to various mycobac-
terial ligands by producing different levels of these counterac-
tive anti-inflammatory and pro-inflammatory cytokines (11,

FIGURE 11. Mtbhsp60 targets TLR4 to activate NF-�B transcription factors. A, PMA-differentiated THP-1 macrophages were pretreated with 10 �g/ml of
either anti-TLR2 mAb or anti-TLR4 mAb or isotype-matched control Ab for 60 min and then incubated with 3 �g/ml of Mtbhsp60 for another 60 min. Cells were
harvested, and nuclear extracts were prepared. The DNA-binding activity of NF-�B complex was measured by EMSA. B, in another experiment, PMA-differen-
tiated THP-1 macrophages were pretreated with 10 �g/ml of either isotype-control Ab or anti-TLR2 Ab and further incubated with 3 �g/ml of Mtbhsp60 in the
absence or presence of BAY 11-7082 (10 �M) or pyrrolidine dithiocarbamate (3 �M). After 48 h, culture supernatants were harvested, and TNF-� levels were
quantified by EIA. Results shown are representative of three different experiments.
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16–21). TLR2-triggered signaling cascades can swing toward
either the anti-inflammatory or the pro-inflammatory response
phenotype depending on the ligand (38, 84, 85). For example, in
macrophages interaction of a synthetic lipopeptide Pam3CSK4
with TLR2 induced a pro-inflammatory response (86), whereas
PPE18, a mycobacterial TLR2 ligand, induced production of
anti-inflammatory IL-10 response (38). Interestingly, signaling
through TLR4 predominantly triggers production of pro-in-
flammatory cytokines that favor Th1 lineage commitment (87,
88). Similar to the Mtbhsp60, other mammalian and microbial
HSP60s were also found to require functional TLR4 on macro-
phages and dendritic cells for pro-inflammatory activity (27, 48,
89, 90).
Although in this study we found that Mtbhsp60 interacts

with both the TLR2 and TLR4 receptors, at this moment it is
unclear whether Mtbhsp60 preferentially interacts with any
one of these receptors. It appears that it is the cellular location
ofMtbhsp60 after its receptor interaction that dictates the kind
of cytokine to be produced because blockage of its endocytosis
(using MDC), even when it interacts with TLR2, leads to pro-
duction of TNF-� just like its interaction with TLR4. Interest-
ingly, we demonstrated earlier that Mtbhsp60 can skew the
TLR2/TLR4 ratio on the macrophage surface (29) to favor a
pronounced Th2-type response. Therefore, we speculate that it
is the relative proportion of TLR2 and TLR4 available to inter-
act withMtbhsp60 on the macrophage surface that determines
whether the outcomewill be predominantly aTh1- orTh2-type
cytokine rather than the receptor preference of Mtbhsp60
itself.
Upon interaction with TLR2, Mtbhsp60 was found to be

colocalized with the early endosome-specific marker EEA1.
The confocal data demonstrate that Mtbhsp60 was colocalized
along with TLR2. Interestingly, TLR2-mediated endocytosis of
Mtbhsp60 was found to be required for induction of IL-10. In
contrast, inhibition of TLR2-mediated endocytosis by MDC
resulted in an increase in the cell surface accumulation of
Mtbhsp60 and severely compromised its ability to induce
IL-10. Interestingly, in such a situation, we also observed an
increase in the TNF-� production indicating that retention of
TLR2-bound Mtbhsp60 on the cell surface is sufficient to trig-
ger higher expression of TNF-�. However, upon interaction
with TLR4, the Mtbhsp60 predominantly remained stranded
on the cell surface and induced a dominant pro-inflammatory-
type response characterized by higher TNF-� production. The
Mtbhsp60 homologue of E. coli, Ecolihsp60, is known to induce
predominantly a pro-inflammatory-type signaling (25, 55, 56).
We found that Ecolihsp60 interacts with both the TLR2 and
TLR4 to induce production of TNF-�. However, Ecolihsp60
has remained predominantly cell surface-bound even when it
interacted with TLR2, unlike Mtbhsp60. These observations
led us to speculate that the cellular localization of Mtbhsp60
post-binding to TLRs activates different signaling cascades that
finally dictate the type of inflammatory response to be pro-
duced in macrophages.
Although the protein sequence of Ecolihsp60 is significantly

similar to that of Mtbhsp60, biochemical features of Mtbhsp60
deviate significantly from the characteristic properties of the
Ecolihsp60 (33, 91). TheMtbhsp60 exists in a lower oligomeric

state as compared with its E. coli counterpart due to substitu-
tions in some crucial interface residues required to stabilize its
inter-subunit interactions, and it also lacks ATPase activity
(33). We also found that at the structural level Mtbhsp60 also
significantly deviates from Ecolihsp60, which may be responsi-
ble for the differential amenability of these two proteins to
undergo endocytosis post-binding to TLR2. However, both
these proteins are endocytosed poorlywhen interacted through
TLR4. The exact reasons for such receptor-dependent prefer-
ences for internalization of Mtbhsp60 are not clear. Moreover,
it appears from our data that the decisions made at the level of
receptor-ligand interactions have important consequences in
dictating the subsequent immune responses inmacrophages. It
is likely that interaction of Mtbhsp60 with the ectodomains of
TLR2 and TLR4 can induce different structural plasticity
resulting in differential localization of the protein.
Interestingly, the human and chlamydial HSP60s were found

to engage both theTLR2 andTLR4 receptors to induce produc-
tion of TNF-� in macrophages that required clathrin-depen-
dent endocytosis and were dependent on MyD88, an adaptor
protein that passes the post-receptor signaling cues down-
stream of many TLRs (48). However, IL-6 inducing ability of
Helicobacter pylori HSP60 was found to be independent of
TLR2, TLR4, or MyD88 (23). In contrast, we found that TLR2-
mediated clathrin-dependent endocytosis was required to
induce an anti-inflammatory response characterized by an
increase in the p38 phosphorylation. Therefore, although the
HSP60 proteins are highly conserved across different species, it
appears that the mechanisms of their immunoregulatory func-
tions vary considerably.
Emerging evidence suggests that IL-10 and TNF-� cytokines

in macrophages are regulated upstream mainly by the p38
MAPK and ERK1/2 (11, 62, 63, 92) signaling cascades.
Although ERK1/2 activation is mainly required for TNF-� pro-
duction (63, 66), IL-10 induction is predominantly dependent
on p38 MAPK signaling (60, 65). Accordingly, we have
observed that internalization of Mtbhsp60 through TLR2 is
associated with an increased phosphorylation of p38 MAPK,
whereas engagement of this protein with TLR4 induced pre-
dominantly ERK1/2 phosphorylation. Again, blocking the
TLR2-mediated endocytosis of Mtbhsp60 by MDC resulted in
the enhancement of ERK1/2 phosphorylation without any sig-
nificant change in the p38 MAPK phosphorylation status.
Therefore, the dichotomous nature of such opposing signal
transduction appears to be due to the divergent MAPK signal-
ing triggered by the Mtbhsp60 localized in the endosome and
the cellmembrane.We further indicated a role ofNF-�Bdown-
stream of TLR4 in the regulation of pro-inflammatory cyto-
kines byMtbhsp60.We observed a higher NF-�B activity when
Mtbhsp60 interacted with TLR4 as compared with the TLR2.
The predominant induction of NF-�B during its interaction
with TLR4 could be due to the increased activation of ERK1/2
signaling as indicated elsewhere (93, 94). Although many stud-
ies have indicated that hsp60 can trigger NF-�B and pro-in-
flammatory responses (48), our studies for the first time indi-
cated that specific interaction of hsp60 ofM. tuberculosis with
TLR4 resulted in strongerNF-�B activity leading to production
of pro-inflammatory cytokines like TNF-� and IL-12 (29).
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Interestingly, p65 NF-�B is also known to be required for opti-
mal IL-10 gene expression (95). However, the level of nuclear
p65 NF-�B was found to be significantly low in the TLR4
Ab-treated group as compared with the group treated either
with TLR2 Ab or isotype control Ab (supplemental Fig. 9) indi-
cating that the p65 NF-�B probably does not play a dominant
role in the production of IL-10 by Mtbhsp60 through its inter-
action with TLR2. This could be due to different TLRs utilized
to induce IL-10. Saraiva et al. (95) used LPS, a TLR4 ligand, as a
stimulator unlike the Mtbhsp60 used in this study, which
induces IL-10 upon interaction with TLR2.
In summary, our study highlights the possible mechanisms

by which Mtbhsp60 can potentially endow an anti-inflamma-
tory milieu by undergoing TLR2-mediated endocytosis to
induce production of IL-10 in the macrophages leading to a
pronounced Th2 response favoring survival of M. tuberculosis
inside the host. However, it can also interact with TLR4 to
induce a host protective pro-inflammatory response, and its
ability to increase the surface expression of TLR2 (28) can mit-
igate the TLR4-mediated protective effects. Our study hints to
the possiblemechanisms by whichMtbhsp60may play a role in
the virulence ofM. tuberculosis.
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Supplemental Figure 1. IL-10 induction by Mtbhsp60 is inhibited in THP-1 macrophages when both TLR2 and TLR4 receptors

are blocked. (A) PMA-differentiated THP-1 macrophages were either left untreated or pre-treated with 10 µg/ml of isotype-matched

control antibody or with both anti-TLR2 mAb and anti-TLR4 mAb for 1 h and then incubated with 3 µg/ml of Mtbhsp60 for another 2 h.

Total RNA was extracted and IL-10 levels were measured by semi-quantitative RT-PCR. (B) Densitometric analyses were performed

using the software AlphaEaseFC software and the Spot Denso tool (Version 7.0.1; Alpha Innotech, San Leandro, CA), normalized for β-

actin and reported as arbitrary densitometric units. Values are means ± SD of the densitometric analysis of three independent

experiments.
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Supplemental Figure 2. Mtbhsp60 or the anti-TLR2 or the anti-TLR4 neutralizing antibodies are not cytotoxic. PMA-

differentiated THP-1 macrophages were seeded at 2 × 105/100 µl/well into a 96-well microplate and pre-treated with anti-TLR2 or anti-

TLR4 or isotype control Ab (10 µg/ml) for 1 h before the addition of Mtbhsp60 at 3 µg/ml concentration. The cell cytotoxicity was

measured by MTT assay 24 h after Mtbhsp60 treatment. For MTT assay, MTT (Sigma-Aldrich) was added in various cultures as 1 mg/ml

and incubated for 4 h. Cells were lysed overnight using 100 µl of lysis buffer (20% SDS and 50% DMF) and the absorbance determined

at 550 nm as described earlier (Khan et al., 2008, Cell. Microbiol. 10:1711-1722).
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Supplementary Figure 3. siRNA mediated gene silencing of TLR2 and TLR4 receptors. Transfection of PMA-differentiated

THP-1 macrophages was carried out using lipofectamine 2000 (Invitrogen). Macrophages were seeded at a density of 2 × 106

cells per well in a 12-well plate and were transfected with 100 nM siRNAs (Ambion Inc.). After 6 h, culture medium was

replaced and the cells were kept in culture for an additional 24 h. Repression of surface expression of TLR2 and TLR4 in the

transfected cells were confirmed by flow cytometry (BD FACSVantage SE, Beckton Dickinson) using specific Abs.



Supplemental Figure 4. MDC increased cell-surface accumulation of Mtbhsp60.

The PMA-differentiated THP-1 macrophages were left untreated or pre-treated with

100 M concentration of MDC for 30 min and subsequently incubated with 10 g/ml

of biotin labeled Mtbhsp60 for 15 min at 37oC followed by incubation with

streptavidin-FITC. The fluorescence was measured by flow cytometry. The result

shown is representative of at least three independent experiments.
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Supplemental Figure 5. Mtbhsp60 colocalizes with Early Endosome Antigen 1 (EEA1) in endosome. PMA-differentiated THP-1

macrophages in chamber slide were treated with FITC-labeled Mtbhsp60 (10 μg/ml) at 37°C for 15 min. The cells were fixed, washed

and permeabilized with Triton-X 100. After blocking, cells were incubated with antibody to EEA1 for 1 h at room temperature

followed by staining with Alexa 594 labeled secondary conjugate (anti-rabbit) for 60 min at room temperature. Cells were then washed

and the endocytosis analysis was performed by confocal laser-scanner microscopy.



Supplemental Figure 6. MDC does not affect viability of cells treated with Mtbhsp60. PMA-

differentiated THP-1 macrophages were seeded at 3 × 105/200 µl/well into a 96-well microplate and

either left untreated or pre-treated with different concentrations of MDC for 30 min and then incubated

with Mtbhsp60 (3 µg/ml). The cell cytotoxicity was measured by MTT assay after 48 h.
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Supplemental Figure 7. Mtbhsp60 colocalizes with TLR2 receptors. PMA-differentiated THP-1

macrophages in chamber slide were treated with biotin-labeled Mtbhsp60 (10 μg/ml) at 37°C for 15 min.

The cells were fixed, washed and permeabilized with Triton-X 100. After blocking, cells were incubated

with antibody to TLR2 (raised in mouse) for 1 h at room temperature followed by staining with Alexa 594

labeled secondary conjugate (anti-mouse) and streptavidin-FITC for 60 min at room temperature. Cells

were then washed and the colocalization analysis was performed using confocal laser-scanner microscopy.
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Supplemental Figure 8. Ecolihsp60 binds to both the TLR2 and the TLR4 receptors. PMA-differentiated THP-

1 macrophages were pre-treated with 10 µg/ml of anti-TLR2 mAb or anti-TLR4 mAb or isotype-matched control

Ab for 1 h and further incubated with 10 g/ml of FITC labeled Ecolihsp60 at 4oC for 30 min. The cells were then

fixed, washed and the fluorescence was measured by flow cytometry.
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Supplemental Figure 9. DNA-binding activity of NF-B complex in THP-1 macrophages treated with Mtbhsp60 in the presence of

isotype control Ab or anti-TLR2 Ab or anti-TLR4 Ab. PMA-differentiated THP-1 macrophages were-pretreated with 10 µg/ml of either

isotype control Ab or anti-TLR2 Ab or anti-TLR4 Ab for 1 h followed by incubation with Mtbhsp60 for another 1 h. Cells were harvested and

nuclear extracts were prepared. The DNA-binding activity of NF-B complex was measured by EMSA as described in materials and methods.

For supershift assay, 2 μl of either rabbit anti-p65 or rabbit anti-p50 antibody (Calbiochem) was added to the binding reaction and incubated for

30 min. The gel was dried at 80oC for 1 hour and exposed to imaging plate (Fuji Film) overnight. Visualization of the radioactive bands was

carried out using a STARION image scanner (Fuji Film FLA-9000).
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