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IL-6 and IL-10 Induction from Dendritic Cells in Response to
Mycobacterium tuberculosis Is Predominantly Dependent on
TLR2-Mediated Recognition1

Sihyug Jang,2* Satoshi Uematsu,† Shizuo Akira,† and Padmini Salgame3*

The initial TLR-mediated interaction between Mycobacterium tuberculosis and dendritic cells is critical, since the cytokine pro-
duction that ensues can greatly influence the class of adaptive immunity that is generated to the pathogen. In this study, we
therefore determined the dependency on TLR2 and TLR4 forM. tuberculosis-induced cytokine production by murine dendritic
cells. A key new finding of this study is that production of IL-6 and IL-10 from dendritic cells in response toM. tuberculosis is
principally dependent on TLR2. The study also indicates thatM. tuberculosis can induce IL-12 production in the absence of either
TLR2 or TLR4, suggesting redundancy or possibly involvement of other receptors in IL-12 production. In addition, the data also
reveal that lack of TLR2 or TLR4 does not impact on dendritic cell maturation or on their ability to influence the polarity of
differentiating naive T cells. Collectively, data presented here provide a mechanistic insight for the contribution of TLR2 and
TLR4 to tuberculosis disease progression and offer strategies for regulating IL-6 and IL-10 production in dendritic cell-based
vaccine strategies. The Journal of Immunology, 2004, 173: 3392–3397.

A n extensive body of literature now exists which clearly
places the TLRs as key players in innate immune rec-
ognition of conserved molecular patterns expressed on

microbes (1–5). To date, 10 homologues of TLRs have been re-
ported, and ligands for most of the TLR members have been rec-
ognized (6, 7). For example, lipoproteins, peptidoglycans, and li-
poarabinomannan are TLR2 agonists and LPS binds to TLR4 (8,
9), and, on the contrary, TLR9 is activated by bacterial DNA (10).
Ligation of TLRs initiates a signal transduction pathway in the
host cell that culminates in the activation of NF-�B and induction
of several immune-related genes, including cytokines and chemo-
kines (11, 12). Thus, TLR activation is an important link between
innate cellular responses and the subsequent activation of adaptive
immune response to microbial pathogens.

Human tuberculosis is one of the most rampant infectious dis-
eases and a leading cause of death worldwide (13). Cell-mediated
immune responses are protective in tuberculosis, and production of
cytokines and chemokines by macrophages and dendritic cells is
crucial to initiating cellular immune responses toM. tuberculosis,
the causative agent of the disease (14). Given the fact thatM.
tuberculosis infects professional phagocytes that express a diverse
array of TLRs, it is not surprising that a number of groups are
intensely examining the interaction between TLRs and their li-
gands present inM. tuberculosis. Data from several studies now

demonstrate that both TLR2 and TLR4 recognize several different
secretedM. tuberculosis products to initiate cellular activation.
The 19-kDa lipoprotein, a secreted Ag ofM. tuberculosis, interacts
specifically with TLR2 to induce TNF-� and NO production from
both murine and human macrophages (15). In addition, the 19-kDa
lipoprotein is also a major inducer of IL-12 production in human
monocytes (15). Two other secreted ligands, phosphatidylinositol-
mannan (PIM) and a soluble tuberculosis factor have also been
shown to interact with TLR2 (16). However, with regard to PIMs,
Abel et al. (17) demonstrated that PIM structures can also elicit
cellular activation via TLR4. They showed that PIM was able to
induce NF-�B activation in a dose-dependent manner in stable
TLR4 and MD-2 Ba-F3 transformants. Heat-sensitive membrane-
associated factors ofM. tuberculosis have also been implicated to
function as TLR4 agonists (18). Interestingly, mannose-capped li-
poarabinomannan derived from virulentM. tuberculosis fails to
activate either TLR2 or TLR4-transfected cells (19). In contrast,
nonmannose-capped lipoarabinomannan purified from fast-growing
mycobacteria is capable of TLR-2 mediated cellular activation (19).

In contrast to studies with secreted products ofM. tuberculosis,
only a few studies have addressed the outcome of TLR interaction
with whole M. tuberculosis. Means et al. (18) reported that the
avirulent strain of mycobacteria H37Ra contain distinct ligands
that activate RAW 264.7 macrophages via TLR2 and TLR4. Spe-
cific blocking of TLR4 resulted in a reduction in TNF-� produc-
tion, indicating a substantial TLR4 involvement inM. tuberculo-
sis-induced TNF-� secretion (20). In contrast, another study
reported that expression of an inhibitory TLR2 in RAW TT10
macrophage cells completely abrogated TNF-� production byM.
tuberculosis H37Rv and H37Ra strains (21), indicating that TLR2
is the principle mediator of TNF-� production by wholeM.
tuberculosis.

Based on these in vitro data indicating thatM. tuberculosis and
its secreted products interact with TLR2 and TLR4 led investiga-
tors to determine the contribution of the two TLRs in host resis-
tance to disease. Two groups looked at the requirement of TLR4 in
controlling M. tuberculosis infection following an aerosol chal-
lenge. Both groups used the TLR4 mutant C3H/HeJ and compared
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it to the wild-type C3H strain. Ryffel’s group (17) reported that
TLR4 expression was required to control chronic M. tuberculosis
infection, and in contrast Behar’s group (22) showed that TLR4
mutant mice are not any more susceptible than other C3H sub-
strains. These observed differences could be attributable to differ-
ing infection doses that were used in the two studies. The former
study (17) used a very high inoculum for aerosol challenge, while
the latter study (22) used a low-dose aerosol challenge. Yet another
study (23) using TLR2 and TLR4 gene-deficient mice and a model
of low-dose aerosol infection demonstrated that lack of either
TLR2 or TLR4 did not affect the outcome of M. tuberculosis in-
fection. However, in this study (23), high-dose aerosol challenge
did reveal a role for TLR2 but not TLR4 in host resistance. Re-
cently Akira’s group (24) also showed that TLR2-deficient mice
exhibited similar pulmonary pathology to that observed in
wild-type mice.

It is clear that dendritic cells and the cytokines they produce in
response to a pathogen will regulate the ensuing adaptive immune
response to the pathogen. We argued that the cytokine profile of
dendritic cells following in vitro infection would reflect the cyto-
kine milieu that is generated early on in vivo, in response to M.
tuberculosis infection. We therefore decided that it may be a valu-
able undertaking to carry out a systematic in vitro analysis of the
dependency on TLR2 and TLR4 for M. tuberculosis-induced cy-
tokine production by dendritic cells. We also deliberated that the in
vitro studies may help better understand the differing outcomes
seen in the in vivo studies. In vivo studies give end results that also
involve soluble ligands of TLRs generated following infection and
M. tuberculosis replication within host cells. Involvement of TLR
and whole M. tuberculosis early on in cytokine production from
dendritic cells and its affect on the class of adaptive immune re-
sponse generated is important in vaccine design where there is not
a significant replication of bacteria and the initial interaction be-
tween M. tuberculosis and dendritic cells is critical.

Materials and Methods
Mice

BALB/c, C57BL/6, C.C3-Tlr4Lps-d (TLR4 mutant), and OVA peptide-spe-
cific DO11.10 TCR-transgenic mice on the BALB/c background were pur-
chased from The Jackson Laboratory (Bar Harbor, ME). The C3H/HeJ
strain of mice is the original strain that was shown to have defective LPS
responsiveness due to mutations in Tlr4 (8). These mice were backcrossed
onto BALB/c background at The Jackson laboratory and the mutant mice
on the BALB/c background are referred to as C.C3-Tlr4Lps-d. TLR2-defi-
cient mice (25) on the C57BL/6 genetic background were provided to us by
Dr. H. Shen (University of Pennsylvania, Philadelphia, PA). TNF-�-defi-
cient mice on the C57BL/6 genetic background (The Jackson Laboratory)
were provided to us by Dr. J. Chan (Albert Einstein College of Medicine,
New York, NY). All strains of mice were maintained under pathogen-free
conditions at the Rodent Barrier Facility of Temple University School of
Medicine (Philadelphia, PA).

Mycobacteria

Frozen stocks of the virulent M. tuberculosis Erdman strain (Trudeau In-
stitute, Saranac Lake, NY) was kindly provided by Dr. J. Chan (Albert
Einstein College of Medicine). The strain obtained after mouse passage
was grown in culture, titrated, and stored at �70°C. Before infection, ali-
quots were thawed, briefly sonicated, and then added to cultures at the
appropriate multiplicity of infection (MOI).4 Irradiated H37Rv strain was
provided by Dr. J. Belisle (Colorado State University, Fort Collins, CO).

Isolation of transgenic T cells

Naive transgenic T cells were isolated from the spleens of DO11.10-trans-
genic mice. After lysis of RBC with 0.147 M Tris-NH4Cl (pH 7.0), T cells

were purified by removal of macrophages and B cells by plastic adherence
and followed by adherence to nylon wool columns (Polysciences, War-
rington, PA) (26)

Dendritic cell preparation

Bone marrow-derived dendritic cells (BMDCs) were prepared as previ-
ously described (27). Briefly, bone marrow was flushed out from the femur
and tibia and 2 � 106 of bone marrow cells were seeded into 10-cm petri
dishes in 10 ml of RPMI 1640 containing 10% FCS (HyClone, Logan, UT)
and supplemented with penicillin (100 U/ml), streptomycin (100 �g/ml),
glutamine (2 mM), 2-ME (50 mM), and 20 ng/ml murine rGM-CSF (Pep-
roTech, Rocky Hill, NJ). On day 3, an additional 10 ml of complete me-
dium containing rGM-CSF was added to the cultures. On days 6 and 8, the
cultures were fed by changing 50% of the medium. Nonadherent cells were
harvested on day 10. Resultant nonadherent cells were typically �70%
CD11c�CD11b� as determined by FACS analysis.

Cytokine assays

The presence of cytokines in the supernatants was determined by sandwich
ELISA using the following Ab pairs from BD Pharmingen (San Diego,
CA): C15.6 and C17.8 (biotinylated) for IL-12p40; JES5-2A5, and JES5-
16E3 (biotinylated) for IL-10; R4-6A2, and XMG1.2 (biotinylated) for
IFN-�; 11B11 and BVD6-24G2 (biotinylated) for IL-4; G281-2626, and
MP6-XT3 (biotinylated) for TNF-� and 9A5 and C17.8 (biotinylated) for
IL-12p70. OptEIA mouse IL-6 kit (BD Pharmingen) was used for IL-6
measurements.

Flow cytometry

Cell surface expression of B7.1, B7.2, and CD40 was measured by flow
cytometry following labeling of cells with FITC-conjugated anti-mouse
B7.1 Ab, PE-conjugated anti-mouse B7.2 Ab, and FITC-conjugated anti-
mouse anti-CD40 Ab (clone HM40-3; BD Pharmingen), respectively. The
anti-B7.1 (IG10) and anti-B7.2 (2D10) Abs have been described previously
(28) and were kindly provided by Dr. V. Kuchroo (Brigham and Women’s
Hospital, Boston, MA). Data are expressed as the percentage of positive
cells and as the mean fluorescence intensity (MFI).

Detection of NF-�B p65

Nuclear extracts were prepared as previously described (29), with slight
modifications that included addition of leupeptin (5 �g/ml) and aprotinin (5
mg/ml) to both the hypotonic and lysis buffers. Twenty-five micrograms of
nuclear extract was resolved in 12% SDS-PAGE and transferred to nitro-
cellulose membrane (Amersham Biosciences, Piscataway, NJ). The blots
were probed with anti NF-�B p65 Ab (C-20 Ab from Santa Cruz Biotech-
nology, Santa Cruz, CA) and HRP-conjugated donkey anti-rabbit IgG Ab
(Amersham Biosciences). Blots were developed using the ECL Plus system
(Amersham Biosciences).

Statistics

For statistical analysis, unpaired Student’s t test was performed (PRISM
version 4.0; GraphPad, San Diego, CA).

Results
Contribution of TLR2 and TLR4 to dendritic cell maturation in
response to M. tuberculosis

BMDCs derived from TLR2�/�, C.C3-Tlr4Lps-d, C57BL/6, and
BALB/c mice were examined for their ability to mature following
M. tuberculosis infection. Maturation of BMDCs was determined
by comparing the levels of cell surface expression of B7.1, B7.2,
and CD40 between uninfected and infected cells. In the four
groups of mice examined, a constitutive expression of all three cell
surface markers of maturation was observed. Comparison of these
maturation markers between C57BL/6 and TLR2-deficient mice
following M. tuberculosis infection revealed no significant differ-
ences in the expression profile. As shown in Fig. 1A, percentage of
cells expressing B7.1 and CD40 was significantly up-regulated in
both the wild-type and the TLR2-deficient BMDCs. However,
both groups did not show any enhancement in B7.2 expression
following infection. Similarly, when MFIs were compared be-
tween the two groups following infection, a significant increase in
MFI for only CD40 was observed in both groups. Correspond-
ingly, when BMDCs from BALB/c and the TLR4 mutant were

4 Abbreviations used in this paper: PIM, phosphatidylinositolmannan; MOI, multi-
plicity of infection; BMDC, bone marrow-derived dendritic cell; MFI, mean fluores-
cence intensity.
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compared, we observed no significant differences in the pattern of
up-regulation of the three maturation markers following infection
with M. tuberculosis. As seen in the previous comparison, there
was a significant increase in B7.1 and CD40 expression following
M. tuberculosis infection. Interestingly, both of these strains had a
low-level constitutive expression of B7.2. This difference could

probably be due to inherent genetic differences that exist between
C57BL/6 and BALB/c strains. With regard to MFI, increased MFI
was again observed only in CD40. Together, these data indicate
that absence of either TLR2 or TLR4 signaling had no impact on
the ability of BMDCs to mature in response to M. tuberculosis
infection.

Since TNF-� can induce maturation of dendritic cells (30, 31),
we wanted to determine in our system whether M. tuberculosis-
induced dendritic cell maturation was dependent on TNF-�. As
shown in Fig. 1B, following infection with M. tuberculosis BM-
DCs from both wild-type C57BL/6 and TNFKO mice had a similar
increase in the percentage of cells expressing B7.1, B7.2, and
CD40. These data indicate that M. tuberculosis induces dendritic
cell maturation independent of TNF-�. We therefore did not fur-
ther pursue the role of this cytokine in maturation of TLR2- and
TLR4-deficient dendritic cells.

The role of TLR2 and TLR4 in the production of cytokines by
dendritic cells in response to M. tuberculosis

Previously, we had reported that BMDCs release TNF-�, IL-12,
and IL-10 following infection with M. tuberculosis (32). In this
study, we determined the distinct participation of TLR2 and TLR4
to the overall dendritic cell cytokine secretion profile in response
to stimulation with virulent whole M. tuberculosis. Treatment with
M. tuberculosis of BMDCs from wild-type C57BL/6 and
TLR2�/� mice resulted in differences in the expression pattern of
three of the four cytokines examined. As shown in Fig. 2A, TNF-�
production was markedly reduced in BMDCs from TLR2�/� mice
at 1 MOI. Interestingly, at 3 MOI the levels of TNF-� increased
substantially in both the wild-type and the TLR2-deficient BM-
DCs, although there was a significantly lower production of the
cytokine in the absence of TLR2 signaling. These data suggest a
partial dependency on TLR2 for TNF-� production by BMDCs to
M. tuberculosis. A differential induction of IL-6 and IL-10 pro-
duction was also observed between C57BL/6 and TLR2�/� BM-
DCs (Fig. 2, C and E). In contrast to TNF-� release, the absence
of TLR2 signaling significantly abrogated the secretion of both
IL-6 and IL-10. This significant reduction in IL-6 and IL-10 pro-
duction was seen at both 1 and 3 MOIs, indicating a huge depen-
dency by BMDCs on TLR2 signaling for the production of these
two cytokines in response to M. tuberculosis infection. Surpris-
ingly though, IL-12p40 production was seen in BMDCs derived
from both wild-type and TLR2�/� mice (Fig. 2G). Moreover, wor-
thy of note, there was in fact a modest but significant increase in
IL-12p40 production in the absence of TLR2 signaling.

To investigate the contribution of TLR4 to M. tuberculosis-in-
duced cytokine production, we compared the production of cyto-
kines from BMDCs derived from wild-type BALB/c mice and the
TLR4 mutant C.C3-Tlr4Lps-d mice that is defective in TLR4 sig-
naling. Intriguingly, lack of TLR4 did not result in significant dif-
ferences in the secretion of either TNF-� (Fig. 2B), IL-6 (Fig. 2D),
IL-10 (Fig. 2F), or IL-12p40 (Fig. 2H). However, it is worth noting
that following 3 MOI there was decreased TNF-� secretion from
the TLR4 mutant BMDCs. These data connote that there is min-
imal contribution from TLR4 to the immediate cytokine release by
BMDCs in response to M. tuberculosis.

The similar induction of IL-12p40 in the absence or presence of
TLR2 and TLR4 signaling prompted us to determine the levels of
the biologically active IL-12p70. Fig. 3A shows that akin to IL-
12p40, BMDC expression of IL-12p70 was also equivalent be-
tween C57BL/6 and TLR2�/� mice. Comparable levels of IL-
12p70 were also released from BMDCs obtained from BALB/c
and the TLR4 mutant mice (Fig. 3B). These data suggest that the
production of the Th1-polarizing cytokine, IL-12 from BMDCs in

FIGURE 1. Maturation of M. tuberculosis-infected BMDCs from
TLR2�/� and TLR4-defective mice. A, BMDCs were infected with M.
tuberculosis for 24 h. Expression of surface makers on BMDCs was ex-
amined by labeling with fluorescently tagged anti-B7.1, anti-B7.2, and anti-
CD40 Abs followed by flow cytometric analyses. Data are expressed as the
percentage of positive cells (A) and as the MFI of B7.1, B7.2, or CD40-
positive cells. �, p � 0.05 and ��, p � 0.01. B, BMDCs from wild-type
C57BL/6 and TNF�/� mice were infected with M. tuberculosis for 24 h.
Expression of surface markers on BMDCs was examined as described in A.
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response to M. tuberculosis is both TLR2 and TLR4 independent
or alternatively there is redundancy of signaling and M. tubercu-
losis can engage either TLR2 or TLR4 for IL-12 production.

In some of these experiments, we included polymyxin at 10
�g/ml concentration along with M. tuberculosis and found that the
cytokine responses did not differ from those induced by M. tuber-
culosis stimuli alone (data not shown). This rules out the possibil-
ity that signaling from LPS occurred in this system.

Lack of either TLR2 or TLR4 does not affect the Th1-polarizing
ability of M. tuberculosis-infected dendritic cells

To further examine the issue that both TLR2-deficient and TLR4-
defective BMDCs can produce bioactive IL-12 following M. tu-
berculosis infection, we tested the in vitro priming ability of the
two groups of dendritic cells. For these experiments, BMDCs were
infected at 1 MOI for 24 h. Naive T cells obtained from the spleens
of DO11.10-transgenic mice were then allowed to differentiate in
the presence of OVA peptide (0.3 �M), irradiated DO11 spleno-
cytes, and the M. tuberculosis-infected dendritic cell cytokine
milieu for 72 h. T cells were then re-exposed to Ag and APCs in
the absence of any biasing modalities. Cytokine profile of the dif-
ferentiated T cells was then determined by ELISA. As previously
noted by us (32), in the absence of M. tuberculosis infection, den-

dritic cells had no polarizing effect on the differentiating naive T
cells. However, the naive T cells acquired Th1 polarity when al-
lowed to differentiate in the presence of M. tuberculosis-infected
dendritic cells obtained from either C57BL/6 or BALB/c mice, as
evidenced by a significant decrease in IL-4 levels and a concom-
itant increase in IFN-� levels (Fig. 4). It has been previously sug-
gested that TLR2 signaling preferentially leads to Th2 responses
and TLR4 signaling, on the contrary leads to Th1 development
(33). It is therefore particularly interesting that dendritic cells lack-
ing TLR2 or TLR4 signaling following infection with M. tuber-
culosis were still able to imprint Th1 polarity on the naive T cells
(Fig. 4), as shown by enhanced production of IFN-� with concom-
itant reduction in IL-4 secretion (Fig. 4). These data reiterate that
with regard to the interaction of M. tuberculosis with dendritic
cells, TLR2 and TLR4 are not differentially activated for IL-12
production and subsequently may not contribute differently to the
polarization of host adaptive immune responses to the pathogen.

FIGURE 2. Differential cytokine production from TLR2�/� and TLR4-
defective dendritic cells. BMDCs were stimulated with M. tuberculosis at
varying MOIs. After 24 h, supernatants were harvested and analyzed for
the presence of TNF-� (A and B), IL-6 (C and D), IL-10 (E and F), and
IL-12p40 (G and H) by sandwich ELISA. A, C, E, and G, Comparisons
between BMDCs derived from wild-type C57BL/6 and TLR2�/�. B, D, F,
and H, Comparisons between BMDCs derived from wild-type BALB/c and
C.C3-Tlr4Lps-d mice.

FIGURE 3. Both TLR2�/� and TLR4-defective BMDCs can produce
bioactive IL-12 following M. tuberculosis infection. BMDCs obtained
from TLR2�/� mice (A) and TLR4-defective mice (B) were infected with
M. tuberculosis. After 24 h, supernatants were harvested and analyzed for
IL-12p70 by sandwich ELISA.

FIGURE 4. Lack of either TLR2 or TLR4 does not affect the Th1-po-
larizing ability of M. tuberculosis-infected dendritic cells. BMDCs (1 �
106/ml) from TLR2-deficient or TLR4-defective mice and appropriate
wild-type counterparts were either untreated or infected with M. tubercu-
losis. After 24 h, the Transwell (Costar, MA) was placed into 24-well
plates containing dendritic cells. Then, naive D011.10 TCR-transgenic T
cells (0.5 � 106), irradiated adherent splenocytes (0.3 � 106), and OVA
peptide (0.3 �M) were added to the upper chamber. IL-2 was added on day
4. On day 7 poststimulation, T cells were harvested and restimulated with
peptide-pulsed irradiated splenocytes in the absence of M. tuberculosis
(nonbiasing condition). Supernatants were harvested 48 h later and ana-
lyzed for the presence of IFN-� and IL-4 by sandwich ELISA.

3395The Journal of Immunology
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Absence of TLR2 or TLR4 does not affect M. tuberculosis-
induced NF-�B nuclear translocation in dendritic cells

Induction of NF-�B translocation is a good indicator of the acti-
vation of TLRs, and so we examined nuclear lysates of BMDCs
derived from the four strains of mice before and after stimulation
with M. tuberculosis. In unstimulated BMDCs, a basal level of
nuclear translocation of the p65 subunit of NF-�B was observed in
all four strains examined, i.e., C57BL/6, TLR2�/�, BALB/c, and
the TLR4 mutant (Fig. 5). Following stimulation, a substantially
increased level of translocation of the p65 subunit was detected in
all four groups as early as 15 min (Fig. 5). These data demonstrate
that lack of either TLR4 or TLR2 did not affect the activation of
the transcription factor NF-�B in BMDCs stimulated with M.
tuberculosis.

Discussion
It is well recognized that dendritic cell maturation and cytokine
production in response to microbial trigger is critical in modulating
host immune responses to the microbe. In the present study, we
assessed the contribution of TLR2 and TLR4 to signaling re-
sponses in dendritic cells to the pathogen M. tuberculosis. Cumu-
latively, our data indicate that in dendritic cells TLR2 signaling in
response to M. tuberculosis is qualitatively different from that in-
duced in response to TLR4 and the production of some cytokines
is contingent on TLR2 signaling.

The most interesting inference from this study is that production
of IL-6 and IL-10, both of which have been implicated in inhib-
iting macrophage functions and response to IFN-� (34, 35), is
dependent on TLR2 signaling. This reveals a novel function for
TLR2 and emphasizes the potential importance of this receptor to
modulating progression of tuberculosis disease. The IL-10 and
IL-6 secretion by TLR2 in response to whole M. tuberculosis early
on in infection may be part of a negative feedback regulatory
mechanism that limits the inflammatory response. However, as
disease progresses several M. tuberculosis proteins are secreted,
and excessive IL-10 and IL-6 secretion through interaction of
some of these secreted products with TLR2 may then lead to im-
munosuppression. In support of this, IL-10-transgenic mice can
reactivate a latent tuberculosis infection (36) and TLR2-deficient
mice develop an exaggerated immune inflammatory response (37).
Furthermore, Yersinia virulence factor LcrV can interact with
TLR2 to induce IL-10 as an immune evasion strategy that con-
tributes to its virulence (38). It would be of interest to determine
whether there are multiple ligands of M. tuberculosis for TLR2 and
to also study the kinetics of their production and interaction with
TLRs on dendritic cells and macrophages as a function of disease
progression. A provocative viewpoint is that M. tuberculosis in
fact usurps the TLR2 system for its own survival. Consistent with
this idea, there are studies showing that the 19-kDa lipoprotein of

M. tuberculosis can induce macrophage apoptosis (39) and also
strongly inhibit macrophage MHC class II expression and Ag pro-
cessing in a TLR2-dependent fashion (40).

Another conclusion from this study is that in response to M.
tuberculosis, dendritic cells lacking either TLR2 or TLR4 retain
their ability to produce IL-12, a key cytokine in driving Th1 im-
munity (41). Interestingly, in the absence of TLR2 signaling there
is a significant increase in IL-12p40 production from dendritic
cells, which may be secondary to their lack of IL-10 production.
M. tuberculosis heat shock protein 70 can interact with CD40 to
produce IL-12 (42, 43), and it is possible that IL-12 production
from dendritic cells is mediated via another signaling pathway
such as CD40 activation and independent of both TLR2 and TLR4.
Another salient observation of this study is that dendritic cell mat-
uration is also independent of TLR2 and TLR4. In addition, release
of TNF-� by dendritic cells in response to M. tuberculosis, another
cytokine that is critical to maintaining host resistance in tubercu-
losis (44), is also not appreciably hampered in the absence of either
TLR2 or TLR4. However, other studies using macrophage cell
lines have demonstrated that TNF-� secretion is dependent on both
TLR2 and TLR4 signaling. These differences between dendritic
cells and macrophages might be due to differences in levels of TLR
expression on the two cell types and possibly the presence of spe-
cific receptors such as DC-SIGN on the dendritic cells (45, 46).
This compensatory mechanism for maturation and IL-12 and
TNF-� production in dendritic cells may explain the in vivo ob-
servations that mice deficient in either TLR2 or TLR4 do not suc-
cumb to low-dose M. tuberculosis infection.

Using purified ligands of TLR2 and TLR4, it has been shown
that TLR2 agonists preferentially induce Th2-promoting cytokines
and in contrast downstream events induced by TLR4 ligands are
Th1 promoting (33). Our data would suggest that translation of
pathogen-derived signals differ significantly when the host cell en-
counters intact vs soluble products of the pathogen. Intact patho-
gens possess agonists for more than one TLR protein and intact
pathogens may also possess several different agonists for one TLR
protein. In this regard, TLR2 can heterodimerize with other TLRs
(47) and the different heterodimeric combinations may interact
with different ligands on M. tuberculosis to activate downstream
events that differ and lead to either IL-10 or IL-12 production.

In closing, these studies are particularly important in the context
of dendritic cell-based immunization strategies for boosting host
resistance against tuberculosis. For example, since IL-10 produc-
tion is dependent on TLR2, and given the fact that IL-10 can be
immunosuppressive, one can design vaccination strategies with
dendritic cells lacking TLR2 signaling. The present studies also
indicate that it is essential to examine the interaction of the intact
pathogen with members of the TLR family since paradigms ob-
tained may differ from those derived from studies using purified
ligands.
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