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ABSTRACT
MIP is a nonpathogenic, soil-borne predecessor of

Mycobacterium avium. It has been reported previously

that MIP possesses strong immunomodulatory proper-

ties and confers protection against experimental TB and

tumor. DCs, by virtue of their unmatched antigen-

presentation potential, play a critical role in activation of

antitumor and antimycobacterial immune response. The

effect of MIP on the behavior of DCs and the underlying

mechanisms, however, have not been investigated so

far. In the present study, we showed that MIP induces

significant secretion of IL-6, IL-12p40, IL-10, and TNF-a

by DCs and up-regulates the expression of costimula-

tory molecules CD40, CD80, and CD86. MIP(L) induced

a significantly higher response compared with MIP(K).

PI and Annexin V staining showed that MIP increases DC

survival by inhibiting apoptosis. Consistently, higher

expression of antiapoptotic proteins Bcl-2 and Bcl-xl

was observed in MIP-stimulated DCs. Cytokines, pro-

duced by naı̈ve T cells, cocultured with MIP-stimulated

DCs, showed that MIP promotes Th1/Th17 polarization

potential in DCs. Response to MIP was lost in MyD882/2

DCs, underscoring the critical role of TLRs in MIP-

induced DC activation. Further studies revealed that

TLR2 and TLR9 are involved in DC activation by MIP(L),

whereas MIP(K) activates the DCs through TLR2. Our

findings establish the DC activation by MIP, define the

behavior of MIP-stimulated DCs, and highlight the role of

TLRs in MIP-induced DC activation. J. Leukoc. Biol.

97: 511–520; 2015.

Introduction
DCs are the most potent APCs, strategically placed at the
interface of the innate and adaptive immune system. Depending
on the nature of microbial stimuli, DCs can promote a Th1, Th2,
or Th17 type of immune response [1]. The Th1 type of immune
response is critical for protection against intracellular pathogens
and neoplastic diseases. In the case of M.tb infection, for
example, the Th1 immune response leads to activation of
infected macrophages and subsequent killing of intracellular
bacilli [2]. M.tb-infected DCs can directly present the antigens to
T cells, whereas uninfected DCs take up the apoptotic bodies of
infected macrophages and cross-prime the T cells against M.tb
antigens [3]. In a normal scenario, DCs lead to a robust immune
response against mycobacteria, but virulent mycobacterial species
prevent their clearance by inhibiting phagolysosomal fusion,
which not only protects them against lytic enzymes but also
hampers the presentation of their components on MHC
molecules [4]. Additionally, mycobacteria-infected DCs produce
IL-10, which acts in an autocrine manner to inhibit DC
trafficking to the draining lymph node and to suppress IL-12
production by them [5].
DCs also play a critical role in the activation of the antitumor

immune response. Tumor cells are actively phagocytosed by
DCs through CD36 and the vitronectin receptor [6]. This is
followed by activation of tumor-specific CD8+T cells and NK
cells, which can lyse the tumor cells in an antigen-dependent
and -independent manner, respectively [7, 8]. By virtue of
their ability to activate a potent antitumor immune response,
DCs are being investigated for cancer immunotherapy using
different approaches, which include ex vivo loading with tumor
antigens and genetic modifications [9]. Although DCs are
highly efficient in inducing an antitumor immune response, in
the absence of proper activation signals inside of the tumor
mass, their antigen-presentation ability is compromised [10].

1. Current affiliation: Special Centre for Molecular Medicine, Jawaharlal
Nehru University, New Delhi, India.

2. Correspondence: PDC-I, National Institute of Immunology, Aruna Asaf Ali
Marg, New Delhi 110067, India. E-mail: sangeeta@nii.ac.in

Abbreviations: 2/2 = deficient, BCG = bacillus Calmette-Guérin, BM = bone
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Growing tumors, on the other hand, actively suppress the
maturation of DCs by producing immunosuppressive cytokines,
such as TGF-b and IL-10. Immature DCs, in turn, promote
T regulatory cells, which further dampen the antitumor
immune response [11].
MIP is an atypical Mycobacterium with strong immunomodu-

latory properties and antigenic determinants shared with M.tb
and Mycobacterium leprae [12, 13]. It is a potential vaccine
candidate against TB, and we have previously evaluated the
protective efficacy of MIP(L) and MIP(K) against experimental
TB. Even though MIP is a nonpathogenic Mycobacterium, it is
approved for human use only in the heat-killed form. The
nonpathogenic nature of MIP has been authenticated by its
recently published whole-genome sequence [14]. We previously
observed that MIP(L) confers significantly higher protection
against M.tb compared with MIP(K) and BCG [15, 16]. MIP
promoted the Th1 type of immune response in animal models
of TB, as indicated by IFN-g production by immune cells from
lung and lymphoid tissue. The Th1 type of immune response
has also been shown to be crucial for protection against
neoplastic diseases. Accordingly, MIP therapy was found to
protect the mice against poorly immunogenic melanoma
tumors [17]. Tumors in MIP-treated mice were infiltrated with
a high number of DCs, and consistently, a higher antitumor
immune response was observed in them. As DCs play a key role
in the activation of an antitumor and antimycobacterial
immune response, in the present study, we examined the effect
of MIP on DC responses and delineated the underlying
mechanisms. It was observed that MIP leads to potent DC
activation, as indicated by the production of proinflammatory
cytokines and up-regulation of costimulatory molecules. MIP(L)
led to a higher response compared with MIP(K). Stimulation
with MIP resulted in an increased DC survival. MIP-stimulated
DCs induced Th1/Th17 polarization in naı̈ve T cells. It was
further observed that TLR2 and TLR9 but not TLR4 play
a crucial role in DC activation by MIP.

MATERIALS AND METHODS

Ethics statement
All animal experiments described here were approved by the Institutional
Animal Ethics Committee of the National Institute of Immunology
(New Delhi, India; Approval No. 205/08/13) and were performed in
accordance with the guidelines from the same.

Mice
Six- to 8-week-old inbred BALB/c, C57BL/6, and MyD882/2 mice were
obtained from the animal facility of the National Institute of Immunology.
TLR22/2 and TLR42/2 mice were kind gifts from Dr. Ruslan Medzhitov (Yale
University School of Medicine, New Haven, CT, USA) and were maintained
at the International Centre for Genetic Engineering and Biotechnology
(New Delhi, India).

Mycobacteria
MIP was cultured in 7H9 medium with 0.05% Tween-80 and 0.1% glycerol and
supplemented with 10% albumin-dextrose-catalase. Log-phase culture was
harvested by centrifugation at 2000 g and washed in PBS-3. The count of MIP
was determined on the basis of OD at 600 nm. MIP(K) was prepared by
autoclaving bacterial suspension at 15 pounds/square inch for 15 min.

BMDCs
BMDCs were derived by culturing mouse BM cells in the presence of GM-
CSF, as described previously [18]. In brief, 4 3 106 BM cells were plated/well
of a 6-well plate in RPMI media supplemented with 10% FBS and 1%
penicillin-streptomycin (RPMI 10) in the presence of 20 ng/ml GM-CSF.
Culture medium along with nonadherent cells was removed on Days 3 and 5,
and fresh, 4.0 ml GM-CSF-supplemented media were added to each well.
Immature DCs were harvested on Day 7 by gentle pipetting. After a wash in
RPMI-10 medium, cells were used for subsequent experiments. Purity of DCs
was determined on the basis of CD11c and MHCII expression.

Isolation of MIP genomic DNA
DNA was isolated from MIP by the phenol-chloroform extraction method.
In brief, the MIP pellet was suspended in buffered solution with 2 mg/ml
lysozyme and incubated at 37°C for 6 h. Bacilli were lysed with 1% SDS, and
proteinase K treatment was given for 1 h at 60°C. DNA was extracted with
phenol-chloroform-isoamyl alcohol, precipitated with the help of isopro-
panol, and washed with 75% ethanol. Extracted DNA was finally solubilized
in autoclaved double-distilled water, and concentration was determined by
use of NanoDrop 1000.

DNAse I treatment
MIP genomic DNA was treated with DNAse I (Thermo Scientific, Pittsburgh,
PA, USA), per the instructions provided by the manufacturer. Treated DNA
was analyzed by agarose gel electrophoresis to confirm its digestion. MK-DNA
was also analyzed on the gel.

Stimulation of BMDCs with MIP
DCs were plated in 24-well plate (1.5 3 106 cells/well) and stimulated with
MIP(L) and MIP(K) at indicated MOI. Culture supernatants were collected
after 24 h and analyzed for different cytokines by ELISA. For kinetics study,
MIP(L) and MIP(K) were used at an MOI of 10, and culture supernatants
were collected at 12, 24, and 36 h. To evaluate the effect of MIP on DC
survival, cells were stimulated at the indicated MOI and analyzed for Annexin
V and PI staining after 24 h. To elucidate the role of TLR9, genomic DNA
from MIP (20 mg/ml) was used, and culture supernatants were analyzed
after 24 h.

Cytokine estimation with ELISA
Cytokine levels in the culture supernatants were determined, according to the
instruction manual provided with ELISA kits, purchased from BD Biosciences
(San Jose, CA, USA) or eBioscience (San Diego, CA, USA).

Annexin V and PI staining
DCs were analyzed for Annexin V (BD Biosciences) staining, following the
instructions provided by the manufacturer. In brief, 1.0 3 106 cells were
suspended in 100 ml Annexin staining buffer, and 5 ml FITC-Annexin V was
added to the suspension. After 15 min, volume was made up to 500 ml with
Annexin staining buffer. For PI staining, 5 ml 100 mg/ml PI solution was added
to 500 ml DC suspension. Cells were analyzed immediately by flow cytometry.

Flow cytometry
To analyze the purity of BMDCs, freshly harvested DCs were fixed in 1%
paraformaldehyde. After 2 washes with PBS-10, cells were incubated with
FITC-conjugated anti-mouse CD11c and PE-conjugated anti-mouse MHCII
mAb. To analyze the expression of costimulatory molecules, MIP-stimulated
DCs were harvested after 24 h, fixed with 1% paraformaldehyde, washed with
PBS-10, and incubated with PE-conjugated anti-mouse CD40, CD80, CD86,
and MHCII mAb (purchased from BD Biosciences or eBioscience). After 1 h,
cells were washed with ice-cold PBS and run on a BD LSR or BD Accuri C6
flow cytometer (both BD Biosciences). Data were analyzed with Cyflogic 1.2.1
or BD Accuri C6 software.
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Immunoblotting
Cellular proteins were prepared with the help of M2 lysis buffer [19]. Protein
concentration was determined with Bicinchoninic Acid (BCA) Protein Assay
Kit (Pierce, Thermo Scientific, Rockford, IL, USA). Cellular protein (10–
20 mg) was resolved on 12% polyacrylamide gel at 30 mA and transferred to a
0.2 mm polyvinylidene difluoride membrane at 120 mA for 2 h. The
membrane was blocked overnight with 10% BSA at 4°C before probing with
anti-Bcl-2 (1:1000), anti-Bcl-xl (1:2000), and anti-b-actin (1:10,000) antibodies
(Cell Signaling Technologies, Danvers, MA, USA). After probing with primary
and secondary antibodies, proteins of interest were revealed with the help of
ECL substrate (Bio-Rad Laboratories, Hercules, CA, USA), according to the
manufacturer’s instructions. Band intensities were quantified with the help of
ImageJ software (U.S. National Institutes of Health, Bethesda, MD, USA).

Purification of CD4+T cells and CD8+T cells
CD4+T cells and CD8+T cells were purified from splenocytes of naı̈ve BALB/c
mice by use of T Lymphocyte Enrichment Set (BD Biosciences), according to
instructions provided by the manufacturer. In brief, splenocytes were
incubated with T lymphocyte enrichment biotinylated antibody cocktail on ice
for 15 min. After giving a wash, cells were incubated with streptavidin-
magnetic particles for 30 min. Tubes were placed in a cell separation magnet
(BD Biosciences), and cell suspension was collected after 10 min. Purified cells
were washed and resuspended in RPMI-10 medium.

Allogeneic-MLR
BMDCs (2.0 3 104 cells) were added/well in a 96-well, round-bottom
plate and stimulated with MIP(L) and MIP(K) at an MOI of 10. After
24 h, DCs were irradiated with gamma-rays (25 Gy), and 1.0 3 105

allogeneic CD4+T cells or CD8+T cells or splenocytes were cocultured with

DCs. Culture supernatants were collected after 5 days and analyzed for
IL-5, IL-17, and IFN-g by ELISA.

Statistical analysis
Statistical analyses were performed with the help of GraphPad Prism 5.0
software (GraphPad Software, San Diego, CA, USA). Data were analyzed
by 1-way ANOVA with Tukey’s multiple comparison test applied
postanalysis. P , 0.05 was considered significant.

RESULTS

MIP induces production of proinflammatory cytokines
by DCs
APCs respond to microbial stimuli by producing proinflamma-
tory cytokines that help in the activation of other immune cells
and their recruitment to the site of insult. To examine the DC
response to MIP, mouse BMDCs were stimulated with MIP(K)
and MIP(L). Purity of BMDCs, as assessed on the basis of CD11c
and MHCII expression, was found to be in the range of 85–90%
(Supplemental Fig. 1). It was observed that MIP(K) and MIP(L)
led to production of TNF-a, IL-12p40, and IL-6 in a dose-
dependent manner. Significantly high levels of these cytokines,
however, were observed in response to MIP(L) (Fig. 1A–C).
Production of IL-10, in response to MIP(L) and MIP(K), was also
analyzed. IL-10 has immunosuppressive properties and controls
the damaging effects of excessive proinflammatory cytokines
[20]. It was observed that unstimulated and MIP(K)-stimulated

Figure 1. Cytokine production by MIP-stimulated DCs. BMDCs were stimulated with MIP(K) and MIP(L) at MOIs of 5, 10, and 20. Culture supernatants
from unstimulated or MIP-stimulated DCs were collected after 24 h and analyzed for TNF-a, IL-6, IL-12p40, and IL-10 by ELISA. Higher levels of
these cytokines were produced in response to MIP(L). MIP(K) induced moderate levels of TNF-a, IL-6, IL-12p40, and IL-10 (A–D). For time-kinetics
study, BMDCs were stimulated with MIP(K) and MIP(L) at an MOI of 10. Culture supernatants were collected after 12, 24, and 36 h and analyzed
for different cytokines. Higher levels of TNF-a, IL-6, IL-12p40, and IL-10 were observed in response to MIP(L) at all time-points (E–H). Mean 6 SEM

of 3 independent experiments is shown. **P , 0.01, and ***P , 0.001.
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DCs produced a comparable level of IL-10. MIP(L), however, led
to the significant level of IL-10 secretion by DCs (Fig. 1D). Time-
kinetics study of the DC response to MIP(K) and MIP(L) showed
that IL-6 and TNF-a were produced at early time-points, whereas
the level of IL-12p40 increased with time (Fig. 1E–H). Compared
with MIP(K), MIP(L) induced the higher levels of IL-6, IL-12p40,
TNF-a, and IL-10 at all of the time-points.

DCs up-regulate costimulatory molecules in response
to MIP
In addition to cytokine production, activated DCs up-regulate the
expression of costimulatory molecules, which provide the

necessary signals for T cell activation and acquisition of effector
function [21]. The effect of MIP on the expression of
costimulatory markers by DCs was examined henceforth. It was
observed that DCs up-regulate the expression of CD40, CD80, and
CD86 in response to MIP. Consistent with cytokine production,
higher up-regulation of these markers was observed in response to
MIP(L) (Fig. 2). However, up-regulation of CD40 on MIP-
stimulated DCs was very low. To analyze whether MIP is
inefficient in up-regulating CD40, BMDCs were stimulated with
LPS. Expression of CD40 was moderately up-regulated in
response to LPS, indicating that stronger stimulation is required
for optimal CD40 expression (data not shown). DCs were
further analyzed for the expression of the MHCII molecule.
Comparable levels of MHCII expression were observed in
unstimulated and MIP-stimulated DCs.

MIP stimulation leads to enhanced survival of DCs
Enhanced DC survival has been shown to result in heightened
T cell response. Survival of DCs is increased by components of
the immune system, such as RANKL, and microbial molecules,
such as LPS. Given the induction of higher antimycobacterial
and the antitumor immune response by MIP, we examined the
effect of MIP on the survival of DCs. Interestingly, it was observed
that MIP stimulation results in an enhanced DC survival. Nearly
28% of unstimulated DCs were PI positive, whereas the level of
PI-positive cells in MIP(K)- and MIP(L)-stimulated DCs was ;10%
and ;6%, respectively (Fig. 3A). Both MIP(K) and MIP(L)
increased the DC survival in a dose-dependent manner, but MIP
(L) led to higher survival compared with MIP(K) (Fig. 3B).
Annexin V staining showed that MIP enhanced the DC survival
by inhibiting apoptosis. Involvement of antiapoptotic proteins in
MIP-induced DC survival was also analyzed. Consistent with their
enhanced survival, higher levels of antiapoptotic proteins were
expressed by MIP(L)-stimulated DCs. Furthermore, MIP(L)
increased the expression of both Bcl-2 and Bcl-xl, whereas MIP
(K) induced the expression of Bcl-xl only (Fig. 3C).

MIP-stimulated DCs promote Th1/Th17 polarization
in naı̈ve T cells
Th1 polarization of the immune response in MIP-treated animals
has been reported previously [16]. To analyze the involvement of
DCs in MIP-induced polarization of naı̈ve T cells, allogeneic
splenocytes, CD4+T cells and CD8+T cells were cocultured with
MIP(L)- or MIP(K)-stimulated DCs, and culture supernatants
were analyzed for IL-5, IL-17, and IFN-g. It was observed that
neither of the splenocytes, CD4+T and CD8+T cells, produced
significant levels of IL-5 in the coculture assay (Fig. 4A). Likewise,
splenocytes and CD8+T cells did not produce significant levels of
IL-17 in the coculture system. A significant level of IL-17,
however, was produced by CD4+T cells cocultured with MIP(L)-
stimulated DCs (Fig. 4B). As expected, splenocytes, CD4+T cells,
as well as CD8+T cells produced the significant levels of IFN-g
when cocultured with MIP(L)-stimulated DCs (Fig. 4C). A
moderate level of IFN-g was induced by MIP(K)-stimulated DCs.
These results showed that MIP-stimulated DCs induce Th1 and
Th17 polarization in naı̈ve T cells.
Production of IL-12p70 by DCs plays the most decisive role in

Th1 polarization of naı̈ve T cells. Likewise, IL-23 has been shown

Figure 2. Expression of costimulatory markers by MIP-stimulated DCs.
BMDCs were stimulated with MIP(K) and MIP(L) at an MOI of 10. After
24 h, cells were stained with PE-conjugated anti-mouse CD40, CD80, CD86,
and MHCII mAb and analyzed by flow cytometry. The total population of
DCs was gated on for analysis (A). SSC-A, Side-scatter-area; FSC-A, forward-
scatter area. Higher expression of CD40, CD80, and CD86 was observed in
MIP(L)-stimulated DCs. MIP(K) led to a moderate up-regulation of these
molecules. Comparable levels of MHCII expression were observed in
unstimulated and MIP-stimulated DCs (B). Shaded histograms, Unstimu-
lated DCs; open histograms, MIP-stimulated DCs. Mean fluorescence
intensity (1/1000) is mentioned with each histogram. Representative data
of 2 independent experiments are shown.
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to promote Th17 polarization. As MIP induced the Th1 and
Th17 polarization potential in DCs, MIP-stimulated DCs were
analyzed for IL-12p70 and IL-23 production. It was observed that
MIP(L)-stimulated DCs produced a significantly higher level of
IL-12p70 compared with unstimulated DCs (Fig. 5A). MIP(K),
however, was not effective in inducing IL-12p70 production by
DCs. Surprisingly, DCs did not produce IL-23 in response to MIP
(K) or MIP(L) (Fig. 5B). LPS-stimulated DCs produced both IL-
12p70 and IL-23.

MIP activates DCs in a MyD88-dependent manner
MyD88 is a common adapter protein used by all TLRs (except
TLR3) for intracellular passage of signals initiated with the
recognition of microbial molecules. To examine the involvement
of MyD88 in MIP-mediated DC activation, BMDCs from WT and
MyD882/2 mice were analyzed for their response to MIP. It was
observed that the response to MIP(K) and MIP(L) was lost in
MyD882/2 DCs. MIP(L)-stimulated MyD882/2 DCs produced
significantly reduced levels of IL-6 and IL-12p40 compared with
MIP(L)-stimulated WT DCs (Fig. 6A and B). However, levels of
IL-6 and IL-12p40, produced by MIP(K)-stimulated MyD882/2

DCs were comparable with those produced by unstimulated DCs.
It has been previously reported that microbial stimuli promote

DC survival in a TLR-dependent manner. As TLR signaling
occurs through MyD88, the role of MyD88 in a MIP-mediated
increase in DC survival was also analyzed. It was observed that the
DC survival efficacy of MIP was drastically reduced in MyD882/2

DCs (Fig. 6C). The level of PI-positive cells in MIP(K)-stimulated
MyD882/2 DCs was significantly high compared with that
in MIP(K)-stimulated WT DCs. Likewise, nearly 50% increase in
the level of PI-positive cells was observed in MIP(L)-stimulated
MyD882/2 DCs compared with MIP(L)-stimulated WT DCs.
These results showed that MyD88 plays an important role in
MIP-induced DC survival.

TLR2 and TLR9 are involved in MIP-induced
DC activation
To further delineate the role of different TLRs in DC activation
by MIP, DCs derived from TLR knockout mouse strains were
analyzed for their response to MIP. It was observed that MIP-
stimulated WT and TLR42/2 DCs produced comparable levels
of IL-6 (Fig. 7A), suggesting a minimal role of TLR4 in DC
activation by MIP. A drastically reduced level of IL-6, however,
was produced by MIP(L)-stimulated TLR22/2 DCs compared
with MIP(L)-stimulated WT DCs (Fig. 7A). The level of IL-6
produced by MIP(K)-stimulated TLR22/2 DCs was also
comparable with that produced by unstimulated DCs. These
results provided evidence for a major role of TLR2 in MIP-
induced DC activation.
To elucidate the role of TLR9 in MIP-induced DC activation,

BMDCs were stimulated with MIP genomic DNA. TLR9
recognizes the CpG motifs present in the microbial genomic
DNA. It was observed that ML-DNA led to a significantly higher
level of IL-6 production by DCs (Fig. 7B). MK-DNA, however, did
not result in IL-6 production by BMDCs. Furthermore, the
response to ML-DNA was lost in the MyD882/2 DCs, indicating
that TLR9 is involved in the recognition of MIP genomic DNA
(Fig. 7B). To rule out the possibility of DC activation as a result of
unknown heat-labile contaminants in DNA preparation, ML-
DNA was treated with DNAse I and subsequently used for DC
stimulation. Degradation of DNAse I-treated ML-DNA was
confirmed by agarose gel electrophoresis (Fig. 7D). MK-DNA
was also found to be degraded into small fragments, indicating
that DNA is degraded during the process of autoclaving. A
significantly reduced level of IL-6 was produced by DNAse
I-treated ML-DNA-stimulated DCs, showing that DNA is the active
component in the MIP genomic DNA preparation (Fig. 7C). The
role of TLR9 in the recognition of ML-DNA was further
ascertained with the help of chloroquine, an inhibitor of the

Figure 3. Effect of MIP on DC survival. BMDCs
were stimulated with MIP(K) and MIP(L) at an
MOI of 10 and analyzed for Annexin V and PI
staining after 24 h. Lower levels of Annexin V and
PI-positive cells were observed in MIP(K)- and
MIP(L)-stimulated DCs (A). Both MIP(K) and
MIP(L) enhanced DC survival in a dose-depen-
dent manner when used at MOIs of 5, 10, and 20
(B). Mean 6 SEM of 3 independent experiments is
shown. **P , 0.01; ns, not significant. Expression
of antiapoptotic proteins Bcl-2 and Bcl-xl was
analyzed in unstimulated and MIP-stimulated
BMDCs by Western blotting. MIP(K) induced the
expression of Bcl-xl, whereas MIP(L) enhanced
the expression of both Bcl-2 and Bcl-xl (C). Fold
expression to unstimulated DCs is indicated with
respective bands. Representative data of 2 in-
dependent experiments are shown.
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intracellular TLRs. It was observed that IL-6 production by ML-
DNA-stimulated DCs was drastically reduced in the presence of
chloroquine (Fig. 7E). These results showed that TLR9 is
involved in DC activation by MIP(L) but not by MIP(K).

DISCUSSION

DCs and macrophages are the two major cell types that interact
with mycobacteria in the host body. Being the most potent APCs,
DCs play a decisive role in antimycobacterial and the antitumor
immune response. Based on the nature of the encountered

pathogens, DCs acquire a differing ability to migrate to draining
lymph nodes, produce proinflammatory cytokines, up-regulate
costimulatory molecules and present the processed antigens to
T cells [22]. The DC response varies even with different
Mycobacterium species that can be partly attributed to their
specific cell-wall composition [23]. Our results show that MIP
leads to the production of proinflammatory cytokines TNF-a, IL-
12p40, and IL-6 and up-regulation of costimulatory molecules
CD80 and CD86 by DCs. Stimulation with MIP(L) induced
a significantly higher response compared with MIP(K). Potent
DC activation in response to MIP suggests the presence of

Figure 4. Polarization of naı̈ve T cells by MIP-
stimulated DCs. Allogeneic splenocytes, CD4+T cells,
and CD8+T cells were cocultured with MIP(K)- and
MIP(L)-stimulated, g-irradiated DCs in a 96-well
round-bottom plate. Culture supernatants were
collected after 5 days and analyzed for IL-5, IL-17,
and IFN-g. Neither of the splenocytes, CD4+T cells
and CD8+T cells, produced significant levels of IL-5
in the coculture assay (A). MIP(L)-stimulated but not
MIP(K)-stimulated DCs induced the significant
production of IL-17 by CD4+T cells. Splenocytes
or CD8+T cells did not produce significant levels
of IL-17 in the coculture (B). MIP(L)-stimulated
DCs induced significantly higher production of
IFN-g by splenocytes, CD4+T cells and CD8+T
cells. Higher levels of IFN-g were also produced
by splenocytes, CD4+T cells and CD8+T cells,
cultured with MIP(K)-stimulated DCs compared
with those cultured with unstimulated DCs (C).
Mean 6 SEM of 3 independent experiments is
shown. **P , 0.01, and ***P , 0.001.
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immunostimulatory arabinose-capped lipoarabinomannan in
the cell wall of MIP. We did not observe a difference in
MHCII expression by unstimulated and MIP-stimulated DCs.
Down-regulation of MHCII expression on APCs is peculiar to
mycobacteria. BCG has been shown to inhibit the expression
of MHCII by IL-10-dependent inhibition of Cathepsin S [24].
An interesting observation was that in addition to proinflam-

matory cytokines, MIP(L) induced a moderate level of
IL-10, which is an immunosuppressive cytokine involved in

controlling the damage to host tissue that could be caused by
an overtly active immune response [20]. Indeed, IL-10 and
IL-12 have contradicting effects on the immune system.
Production of IL-10 and IL-12 by DCs has also been reported
in response to other mycobacteria, including BCG. In one such
study, the ratio of IL-10 to IL-12-p40, produced by BCG-
stimulated DCs, was much higher than that observed with
MIP(L)-stimulated DCs [25]. An excessive amount of IL-10,
produced in response to pathogenic mycobacteria, impairs the
antigen-presenting ability of DCs, resulting in a suboptimal
adaptive-immune response [25].
With the help of TLR2-expressing human embryonic kidney

293 cells, we have shown earlier that MIP(K) possesses a signifi-
cantly reduced TLR2 agonist activity compared with MIP(L) [26].
Interestingly, TLR2 agonist activity of MIP(K) was restored with its
sonication, indicating that TLR2 ligands are masked during the
process of autoclaving. Data presented here further show that MIP
genomic DNA gets degraded during the autoclaving process,
precluding the TLR9 engagement by MIP(K). Degradation or
inaccessibility of immunogenic molecules in MIP(K) is therefore
responsible for its reduced immunostimulatory nature. Reduced
DC activation by MIP(K), however, raises the questions about its
immunotherapeutic properties. However, it should be recalled
here that MIP(K) induced the DC activation in a dose-dependent
manner, which indicates that DCs would produce a substantial
level of proinflammatory cytokines and up-regulate the costimu-
latory molecules at higher MOIs of MIP(K). That MIP(K) is
efficacious at a higher dose is also evident from the fact that for

Figure 5. Production of TH-polarizing cytokines by MIP-stimulated DCs.
BMDCs were stimulated with MIP(K) and MIP(L) at an MOI of 10,
and culture supernatants were analyzed for IL-12-p70 and IL-23 by ELISA.
A significant amount of IL-12p70 was produced by MIP(L)-stimulated
DCs (A). Comparable amounts of IL-23 were produced by unstimulated
and MIP-stimulated DCs (B). LPS, TLR4 ligand (10 ng/ml). Mean 6 SEM

of 2 independent experiments is shown. *P , 0.05.

Figure 6. Role of MyD88 in MIP-induced DC
activation. DCs derived from MyD882/2 and WT
mice were stimulated with MIP(K) or MIP(L) at an
MOI of 10, and culture supernatants were analyzed
for IL-6 and IL-12p40. Response to MIP(K) and
MIP(L) was lost in MyD882/2 DCs, as evident by
a drastically reduced production of IL-6 and IL-
12p40 by these cells compared with WT cells (A
and B). Pam, Pam3CSK4 (TLR2 agonist; 10 ng/
ml). Mean 6 SEM of 3 independent experiments is
shown. **P , 0.01, and ***P , 0.001. Role of
MyD88 in MIP-induced DC survival was also
analyzed. A significant increase in the level of PI-
positive cells was observed in MIP(K)-stimulated
MyD882/2 DCs compared with MIP(K)-stimulated
WT DCs. DC survival efficacy of MIP(L) was also
reduced in MyD882/2 DCs compared with WT
DCs (C). Representative data of 2 independent
experiments are shown.
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human use, the 1st dose of MIP consists of 1.0 3 109 heat-killed
bacilli (given i.d.), and subsequent doses consist of 5.03 108 bacilli
[27]. Furthermore, we have previously analyzed the macrophage
response to MIP. It was observed that macrophages produce
significant levels of TNF-a, IL-12, and IL-6 in response to MIP(K)
[26], suggesting that immunotherapeutic effects of MIP(K) are
partly mediated by DCs and macrophages.
The lifespan of DCs serves as a key factor to regulate the

intensity of the adaptive-immune response [28]. Inhibition of DC
apoptosis with the caspase inhibitor has been shown to result in
heightened T cell responses [29]. Components of the immune
system, such as RANKL, and microbial stimuli, such as TLR
ligands, can increase the survival and lifespan of DCs [30, 31]. We
observed enhanced survival of DCs upon stimulation with MIP. In
chronic conditions, such as TB, where the immune system is not
effective enough to protect against active disease, an increase in
DC survival will have favorable effects by increasing potential
T cell–DC interactions, resulting in a heightened immune
response. This could be one of the mechanisms responsible for
a higher antimycobacterial and antitumor response observed in
MIP-treated mice. The role of antiapoptotic proteins Bcl-2 and
Bcl-xl has been implicated in enhanced DC survival in response
to microbial stimuli [31]. Consistent with previous reports, we
have also observed an increased expression of Bcl-2 and Bcl-xl in
MIP-stimulated DCs.
Depending on the nature of microbial stimuli, DCs can

promote a Th1, Th2, or Th17 immune response. The Th1
immune response is indispensable for protection against
intracellular pathogens and cancer [32, 33]. Th1 signature
cytokine, IFN-g plays a critical role in macrophage activation
and elimination of mycobacteria or lysis of tumor cells. Our
results showed that MIP induces the Th1 and Th17 polarization
potential in DCs. Both CD4+T cells and CD8+T cells produced
substantial levels of IFN-g in the presence of MIP-stimulated

DCs, indicating that MIP promotes classical- as well as cross-
presentation of antigens by DCs. Engagement of intracellular
TLRs results in enhanced antigen cross-presentation. We
observed TLR9 engagement by live MIP DNA and consistent
with this, MIP(L)- stimulated DCs induced higher IFN-g
secretion by CD8+ T cells. Furthermore, a high Th1 polariza-
tion potential of MIP(L)-stimulated DCs correlates with the
higher anti-TB efficacy of MIP(L) compared with MIP(K). A
higher immunotherapeutic efficacy of MIP compared with
BCG is also explicable from these findings, as BCG-stimulated
DCs have been shown to induce IL-10-producing T cells with
no Th1 or Th2 bias [34]. CD4+T cells also produced
a significant level of IL-17 when cocultured with MIP(L)-
stimulated DCs. IL-17 has been shown to play an important role
in protection against M.tb in initial stages of infection. The
inability of CD4+T cells or CD8+T cells to produce IL-5 in the
presence of MIP-stimulated DCs was again in agreement with
the beneficial effects of MIP against tumor and TB. IL-5 is
a Th2 signature cytokine and is thought to be involved in the
pathology of TB. Growing tumors also promote a Th2 type of
immune response and take advantage of its homeostatic and
tissue-regenerative properties.
Cytokines produced by DCs direct the polarization of naı̈ve

T cells. IL-12p70 and IL-23 promote Th1 and Th17 polarization,
respectively. A significant amount of IL-12p70 secretion in
response to MIP(L) was consistent with a higher Th1-
polarization potential of MIP(L)-stimulated DCs. Surprisingly,
DCs did not produce a significant level of IL-23 in response to
MIP(K) or MIP(L). In fact, it has been noted that IL-23 is not
absolutely necessary for Th17 polarization of T cells [35]. A
significant level of IL-17 is produced by immune cells from the
mediastinal lymph nodes of BCG-immunized and M.tb-
challenged IL-122/2/IL-232/2 mice. Clearly, there exists an IL-
23-independent mechanism for IL-17 production in response to

Figure 7. Involvement of TLRs in DC activation by
MIP. BMDCs from TLR22/2, TLR42/2, and WT
mice were stimulated with MIP(K) and MIP(L) at
an MOI of 10. A substantially reduced level of IL-6
was produced by MIP(K)- and MIP(L)-stimulated
TLR22/2 DCs compared with WT DCs. WT and
TLR42/2 DCs produced comparable levels of IL-6
upon stimulation with MIP (A). Mean 6 SEM of
3 independent experiments is shown. To elucidate
the role of TLR9 in DC activation by MIP(L) and
MIP(K), BMDCs were stimulated with native ML-
DNA or MK-DNA. ML-DNA induced a significant
level of IL-6 production by WT DCs. MK-DNA did
not lead to IL-6 production by BMDCs. Loss of
response to ML-DNA, as indicated by a drastically
reduced level of IL-6, was observed in MyD882/2

DCs (B). A significantly reduced level of IL-6 was
produced by DNAse I-treated, ML-DNA-stimulated
DCs compared with ML-DNA-stimulated DCs (C).
Agarose gel electrophoresis of DNA showed that
ML-DNA was degraded with DNAse I treatment.
Degradation of MK-DNA was also confirmed by
agarose gel electrophoresis (D). ML-DNA induced
a significantly reduced level of IL-6 in the presence
of chloroquine, confirming the role of TLR9 in the recognition of ML-DNA (E). LPS, TLR4 agonist (10 ng/ml); Pam3CSK4, TLR2 agonist (10 ng/ml);
CpG, CpG oligonucleotide (TLR9 agonist; 2 mg/ml). Mean 6 SEM of 3 independent experiments is shown. ***P , 0.001.
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BCG, which could be responsible for the Th17 polarization of
naı̈ve T cells by MIP-stimulated DCs.
TLRs are the most widely characterized pattern recognition

receptors expressed by a variety of immune cells and play
a central role in innate and adaptive immunity. MyD88 is
a common adapter molecule used by different TLRs. MyD882/2

mouse strains display a profound loss in resistance to M.tb, which
is attributed to impaired production of Th1 cytokines and NO
[36]. MyD882/2 DCs have been shown to exhibit reduced
production of TNF-a, IL-12p40, and IL-6 in response to BCG
[37]. An observed loss of response to MIP in MyD882/2 DCs
indicated that TLRs play a critical role in MIP-mediated DC
activation. Furthermore, MIP-mediated DC survival was
drastically reduced in MyD882/2 DCs compared with WT cells.
Interestingly, DC survival efficacy of MIP(L) was not completely
abrogated in DCs derived from MyD882/2 mice, suggesting that
some other mechanisms are also involved in DC survival in
response to MIP(L).
Further characterization of TLRs involved in DC activation

by MIP highlighted the major role of TLR2. Mycobacteria
possess different molecules with a varying TLR2 engagement
property. Lipoarabinomannans, lipoteichoic acid, and treha-
lose dimycolate have been shown to be major TLR2 ligands in
different mycobacterial species. Involvement of TLR2 has also
been previously observed in macrophage activation by MIP(K)
and MIP(L) [26]. Interestingly, our findings showed that TLR9
is involved in DC activation by MIP(L) but not by MIP(K).
TLR9 is activated by CpG motifs present in the microbial
genomic DNA and promotes a Th1 type of immune response.
Lack of TLR9 engagement property in MIP(K) indicated that
MIP genomic DNA is degraded during the process of
autoclaving, which was confirmed by the agarose gel electro-
phoresis of MK-DNA.
Our findings provide the insights into DC activation by MIP,

delineate the involvement of TLRs in MIP-induced DC activation,
and implicate these cells in the immunomodulatory properties
exhibited by MIP. Ever since it was selected in the 1970s for
its ability to induce a cell-mediated immune response against
M. leprae, MIP has come a long way and has been approved as an
adjunct to chemotherapy for treatment of non small cell lung
cancer recently. Overall, our studies showed that MIP(L)
induced a higher DC activation compared with MIP(K). MIP(L)
has also been observed to confer higher protection against
experimental TB, and studies in the animal model have shown
that MIP(L) does not cause any untoward reaction [15]. Based
on the present and previous observations, we suggest further
evaluation of MIP(L) for immunotherapy of TB and cancer.
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