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The recognition of mycobacterial cell wall components causes
macrophages to secrete tumor necrosis factor « (TNF-«) and other
cytokines that are essential for the development of a protective
inflammatory response. We show that toll-like receptors are re-
quired for the induction of TNF-« in macrophages by Mycobacte-
rium tuberculosis. Expression of a dominant negative form of
MyD88 (a signaling component required for toll-like receptor
signaling) in a mouse macrophage cell line blocks TNF-« production
induced by M. tuberculosis. We identify toll-like receptor-2 (TLR2)
as the specific toll-like receptor required for this induction by
showing that expression of an inhibitory TLR2 (TLR2-P681H) blocks
TNF-a production induced by whole M. tuberculosis. Further, we
show that TLR2-dependent signaling mediates responses to my-
cobacterial cell wall fractions enriched for lipoarrabinomannan,
mycolylarabinogalactan-peptidoglycan complex, or M. tuberculo-
sis total lipids. Thus, although many mycobacterial cell wall frac-
tions are identified to be inflammatory, all require TLR2 for induc-
tion of TNF-a in macrophages. These data suggest that TLR2 is
essential for the induction of a protective immune response to
mycobacteria.
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Mycobacterium tuberculosis is a leading cause of death world-
wide, and the incidence of the disease is increasing (1). M.
tuberculosis infection induces fever, night sweats, and profound
weight loss, and these symptoms are attributed to an increased
production of the proinflammatory cytokines, tumor necrosis
factor a (TNF-a), and IL-18 by activated mononuclear phago-
cytes (2, 3). TNF-« production is an early and important event
that leads to granuloma formation and a protective host response
(4,5). A wide variety of structurally diverse components derived
from mycobacterial cell walls stimulate TNF-« production in
macrophages. A key question is whether these structurally
diverse mycobacterial components activate macrophages
through separate or identical pathways.

The recognition system for the stimulatory mycobacterial cell
wall component, liparabinomannan (LAM), has not been de-
fined fully, but it appears to share much in common with the
recognition system for lipopolysaccharide (LPS), a stimulatory
component of Gram-negative bacteria. Macrophage responses
to LPS and LAM are enhanced by LPS-binding protein (LBP),
a molecule that binds LPS and transfers it to CD14 (6-9). CD14
is a glycosylphosphatidylinositol-linked cell surface receptor that
is required for LPS and LAM signaling (10-12). Together, CD14
and LBP allow cells to respond to extremely low concentrations
of LPS and LAM (6, 9). Although CD14 binds directly to LPS,
LAM, and other microbial products (11), binding to CD14 is not
necessarily coupled to inflammatory signaling. Inflammatory
responses are not triggered when CD14 binds to self-
phospholipids or apoptotic cells (13, 14).

Despite the common requirement for CD14 in LPS- and
LAM-induced signaling, important differences exist. Macro-
phages from C3H/HelJ mice respond poorly to stimulation by
LPS, yet they secrete proinflammatory mediators normally in
response to mycobacterial products (15). Conversely, Chinese
hamster ovary (CHO) fibroblasts transfected with CD14 respond

to LPS (16), but fail to respond to LAM (9). CD14 is an
extracellular protein that is unable to interact directly with
cytoplasmic signaling components. Recent discoveries suggest
that CD14 interacts with toll-like receptors to transmit a signal
(17-19). Toll-like receptors comprise a family of innate immune
signaling receptors that are related to the Drosophila Toll
protein, a molecule that is implicated in defense against fungal
infection in the fly (20). Six mammalian homologues of Toll have
been identified (21-23). The roles of these receptors in mam-
malian innate immunity are just beginning to be elucidated.
Transfection of either human toll-like receptor-2 (TLR2) or
TLR4 into the LPS-unresponsive cell line, HEK 293, permits
CD14-dependent NF-«B activation in response to LPS (17-19).
The role for TLR4 in LPS-induced activation of macrophages is
supported by the demonstration that a point mutation in the
gene for TLR4 is associated with LPS hyporesponsiveness in the
C3H/HeJ mouse (24, 25), and deletion of the gene results in a
similar phenotype (26). The significance of TLR2 in LPS sig-
naling is unclear given the presence of a presumably normal
TLR2 gene in the C3H/HeJ mouse. A role for TLR2 in
mediating responses from other pathogens is suggested by the
observation that lipoteichoic acid and peptidoglycan from Gram-
positive bacteria stimulate NF-«B in TLR2-transfected HEK 293
cells (27, 28). Also, specific membrane lipoproteins from Borrelia
burgdorferi, M. tuberculosis, and Treponema pallidum signal
through TLR2 (29, 30). We recently have demonstrated that
toll-like receptors are recruited to phagosomes in macrophages,
where they mediate the identification of engulfed pathogens;
TLR2 is required for the recognition of Gram-positive bacteria
and yeast, whereas TLR4 mediates recognition of Gram-
negative bacteria (31).

In this report we demonstrate that upon exposure to M.
tuberculosis, macrophages are stimulated to produce the proin-
flammatory cytokine, TNF-e, in a toll-like receptor-dependent
manner. We identify TLR2 as the principle mediator of the
proinflammatory signal induced by whole M. tuberculosis. We
demonstrate further that three structurally diverse fractions of
the mycobacterial cell wall all induce TNF-a production via
TLR2. Thus, TLR2 is the principle mediator of macrophage
activation in response to mycobacteria, and the signaling mech-
anism is clearly distinct from LPS-induced signaling that occurs
via TLR4.

Materials and Methods

Materials. Unless stated otherwise, all reagents were from Sigma.
Virulent and avirulent, heat-killed M. fuberculosis (H37Rv and
H37Ra strains), lipoarabinomannan (AraLAM from rapidly
growing mycobacteria species and ManLAM from M. tubercu-
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losis H37Rv), mycolylarabinogalactan—peptidoglycan complex
(mAGP), and M. tuberculosis total lipids were obtained from
John Belisle through the TB Research Materials and Vaccine
Testing Contract (National Institutes of Health, National Insti-
tute of Allergy and Infectious Diseases NO1 AI-75320) (32). The
mAGP had approximately 5 pg of LPS in 10 ug mAGP as
determined by the Chromogenic Limulus Amebocyte Lysate
Test (BioWhittaker). In some experiments, polymyxin B (10
pg/ml) was added to the mAGP to inhibit any possible effect
from LPS contamination. No differences were detected between
polymyxin B-treated and untreated mAGP, indicating that the
small amount of LPS detected in the mAGP was not enough to
stimulate TNF-a production in RAW cells (data not shown). All
other reagents had no detectable LPS.

The mouse macrophage cell line used in this report, RAW-
TT10 (31), is a clone of RAW 264.7 (ATCC no. TIB-71)
transfected with an expression vector driving synthesis of the
Tet-activator protein, a tetracycline-regulatable transcriptional
activator (33) that directs expression, in the absence of tetracy-
cline, from the tetracycline-regulated promoter used in the
TLR2 and MyDS88 expression vectors.

DNA Expression Vectors. The expression vector pTIGZ2+ (31)
uses a tetracycline-regulated promoter (from pTetSplice;
GIBCO/BRL) to direct transcription of a bicistronic mRNA
encoding the protein of interest followed by a cap-independent
translational enhancer region (from pCITE; Novagen) driving
translation of enhanced green fluorescent protein (GFP; CLON-
TECH).

For single-cell TNF-« assays, the coding region of wild-type
mouse TLR2 [tagged at its amino terminus with a hemagglutinin
(HA) epitope] was cloned into TIGZ2+ (31). The HA-tagged
TLR2 dominant negative P681H mutation was generated by
PCR, confirmed by sequencing, and cloned into TIGZ2+. The
MyD88 dominant negative construct was generated by amplify-
ing the MyD88 C-terminal coding region (amino acids 146-296)
by PCR from c¢cDNA of RAW 264.7 cells and cloning the
fragment into TIGZ2+ (31).

RAW Cell Transfection. RAW-TT10 cells were transfected by using
a previously described method (34). Briefly, 5 X 10° cells in 0.2
ml of culture medium were mixed together with 10 ug of DNA
in 50 pul of PBS in a 0.4-cm gap electroporation cuvette (Bio-
Rad). The cells were electroporated in a Gene Pulser apparatus
(Bio-Rad) set at 960 wF and 280 V and transferred to 5 ml of
fresh medium. The cells were pelleted, resuspended in fresh
medium, and transferred to six wells of a 24-well tissue culture
plate. After allowing 2 hr for the cells to adhere to the plate, the
medium was changed, and experiments were performed 24 hr
after transfection. Tetracycline was always absent from the
media, resulting in strong activity of the tetracycline-regulated
promoter.

Detection of Intracellular TNF-a. Transiently transfected RAW-
TT10 cells were stimulated with the following mycobacteria and
mycobacterial products: M. tuberculosis (H37Rv) (100 pg/ml),
M. tuberculosis (H37Ra) (100 ug/ml), AraLAM (10 pg/ml),
ManLAM (10 pg/ml), mAGPs (100 pg/ml), M. tuberculosis
total lipids (100 wg/ml), or LPS (Salmonella minnesota R595,
List) (10 ng/ml). The cells were incubated with the indicated
stimulant for 4 hr at 37°C in the presence of 5 ug/ml brefeldin
A to accumulate intracellular TNF-a. After blocking Fc recep-
tors with 2.4G2 hybridoma supernatant, the cells were fixed with
4% paraformaldehyde in PBS and permeabilized and stained
with phycoerythrin-conjugated anti-mouse TNF-a (PharMin-
gen) diluted in 1% FCS and 0.1% saponin in PBS. After two
washes, the cells were analyzed by flow cytometry by using a
FACScan (Becton Dickinson) and WINMDI software (Joseph
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Trotter, Scripps, La Jolla, CA). Under these conditions, 5-20%
of the transiently transfected cells expressed the transgene (as
identified by GFP fluorescence). Gating on these cells allowed
TNF-a production by transgene-expressing cells to be compared
directly with TNF-a production by identically treated cells in the
same sample that did not express the transgene. All data
presented are representative of at least three independent
experiments.

Luciferase Assays. Cells were transiently transfected, and induc-
tion of NF-«B activity was measured as described (31). CHO-K1
cells were transfected with 2 ug of endothelial leukocyte adhe-
sion molecule-1 (ELAM-1) firefly luciferase reporter construct
and 0.2 pg of a construct directing expression of Renilla lucif-
erase under control of the constitutively active B-actin promoter,
together with 1 pg of murine TLR2 or CD14 expression con-
struct, as indicated in the text. The cells were stimulated with M.
tuberculosis as described above, and luciferase activity was
measured by using the Dual-Luciferase Reporter Assay System
(Promega) according to the manufacturer’s instructions. Back-
ground ELAM-luciferase activity was subtracted, and the data
are presented as the mean * SD of triplicate samples.

Results and Discussion

Because macrophages are critical to M. tuberculosis pathogene-
sis, we used a mouse macrophage cell line to analyze the role of
toll-signaling pathways in inflammatory responses to M. tuber-
culosis. First, we analyzed the role of the toll-like receptor
signaling component, MyD88, in the induction of TNF-«a by M.
tuberculosis. MyD88 is a cytoplasmic adapter protein that links
toll-like receptors to IRAK (IL-1 receptor-associated kinase), a
serine kinase required for the signal leading to NF-«B activation
(35-38). MyDS88 associates directly with toll receptors through its
C-terminal toll homology domain. When expressed by itself, the
C-terminal domain of MyDS88 acts as a dominant negative
inhibitor of TLR4 and IL-1R signaling presumably by preventing
IRAK from associating with the receptors (35-37). By virtue of
the conservation of toll homology domains, it is presumed that
MyDS8S8 is a common signaling component of all toll-like recep-
tors. Thus, to determine whether M. tuberculosis-induced TNF-«
production was mediated by toll-like receptors, we tested the
ability of the C terminus of MyD88 (MyD88-DN) to block this
stimulation.

The mouse macrophage cell line RAW-TT10 was transiently
transfected with an expression vector encoding a bicistronic
mRNA transcript directing expression of both dominant nega-
tive MyD88 and GFP. These cells were stimulated with whole,
heat-killed, virulent M. tuberculosis (H37Rv), and production of
TNF-a was measured by intracellular staining. During analysis of
100,000 cells by flow cytometry, GFP expression correlated
precisely with MyD88-DN expression as expected for two prod-
ucts produced from the same mRNA transcript (31). This
allowed direct comparison of TNF-a production in MyD88-DN-
expressing cells (GFP-positive) with cells in the same sample that
did not express the inhibitory protein. Thus, cells that did not
express the inhibitory protein (GFP-negative cells) produced
TNF-« (Fig. 1). However, MyD88-DN expression (GFP-positive
cells) strongly inhibited mycobacteria-induced TNF-a produc-
tion to background levels (Fig. 1). Expression of MyD88-DN also
potently blocked TNF-« induction by avirulent M. tuberculosis
(H37Ra) (Fig. 1). The inhibition of toll-like receptor signaling by
MyD88-DN was confirmed by the observation that dominant
negative protein expression also inhibited TNF-« production in
response to LPS, a known stimulator of TLR4 (17, 24-26) (Fig.
1). Transfection of macrophages with a control vector (express-
ing only GFP) had no effect on TNF-« induction by any of the
stimuli (Fig. 1 Top). Thus, mycobacteria stimulate TNF-« pro-
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Fig. 1. M. tuberculosis-induced TNF-a production depends on TLR2. RAW-
TT10 cells transiently transfected with a control plasmid (Top), MyD88-
dominant negative (MyD88-DN, Middle), or TLR2-P681H (Bottom) were ana-
lyzed for induction of TNF-a after stimulation with virulent M. tuberculosis
(H37Rv), avirulent M. tuberculosis (H37Ra), or LPS. The thin, solid lines indicate
TNF-a produced in cells not expressing the transgene, and the bold lines
indicate TNF-a produced in cells expressing the indicated transgene. The
dotted lines indicate background, unstimulated TNF-a production. In each
case, the y axis represents relative cell number.

duction via a MyD88-dependent process, implicating the involve-
ment of a toll-like receptor.

Because macrophages from mice bearing a dysfunctional
TLR4 secrete TNF-a normally in response to mycobacterial
products (15), it is unlikely that TLR4 contributes to macrophage
activation by mycobacteria. We hypothesized that TLR2, an-
other toll-like receptor implicated in LPS signaling (18, 19), is the
toll-like receptor responsible for mycobacterial activation of
macrophages. We demonstrated recently that a mutation in
mouse TLR2 (TLR2-P681H), a mutation that is analogous to the
naturally occurring mutation in the C3H/HeJ mouse TLR4
gene, acts as a dominant negative inhibitor of TLR2 signaling
(31). Expression of TLR2-P681H in RAW cells inhibited TNF-«
induction in response to both virulent and avirulent M. tuber-
culosis. Expression of TLR2-P681H had no effect on TNF-«
induction by LPS (Fig. 1 Bottom). These data indicate that TLR2
is required for the detection of mycobacteria by macrophages
and clearly demonstrate functional specificity of toll-like recep-
tors for particular ligands. Interestingly, whereas dominant neg-
ative MyD88 completely blocked M. tuberculosis-induced TNF-«
production, inhibition by dominant negative TLR2 was incom-
plete, suggesting that other toll-like receptors may participate in
the detection of mycobacteria by macrophages.

To confirm a role for TLR2 in mycobacteria-induced signal-
ing, we measured mycobacteria-induced activation of NF-«B in
transiently transfected CHO cells. CHO cells recently have been
shown to lack functional endogenous TLR2 (39) and do not
demonstrate measurable NF-«B activation when stimulated with
mycobacteria (not shown). Expression of murine CD14, a mol-
ecule known to be required for some TLR2 responses (18, 19, 27,
28, 30), was not sufficient to confer mycobacteria sensitivity on
the CHO cells (Fig. 2). Expression of murine TLR2 conferred
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Fig. 2. Expression of TLR2 is sufficient to mediate M. tuberculosis-induced
NF-kB activation in CHO cells. The relative activity of a NF-kB-luciferase re-
porter was assessed in CHO cells transiently expressing the indicated con-
structs before stimulation (open bars) or after stimulation with heat-killed
virulent (hatched bars, H37Rv) or avirulent (filled bars, H37Ra) M. tuberculosis.

mycobacteria-induced NF-«B activation, and this stimulation
was facilitated marginally by coexpression of CD14 (Fig. 2).
The mycobacterial cell wall can be separated into these major
fractions: LAM, mAGP, and total lipids. The most well-
characterized and potent mycobacterial cell wall inflammatory
component is LAM. LAM consists of a mannose-rich core
carbohydrate, with highly branched arabinofuranosyl side
chains, linked to acyl groups consisting of palmitic and tuber-
culostearic acids. Interestingly, LAM isolated from virulent M.
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Fig.3. TNF-a production induced by LAM depends on TLR2. RAW-TT10 cells
transiently transfected with a control plasmid, MyD88-dominant negative
(MyD88-DN), wild-type TLR2, or dominant negative TLR2 (TLR2-P681H) were
analyzed for induction of TNF-a after stimulation with AraLAM. Histograms
are formatted as described in Fig. 1.
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Fig.4. Induction of TNF-«ain response to M. tuberculosis total lipids depends
on TLR2. RAW-TT10 cells transiently transfected with a control plasmid,
MyD88-dominant negative (MyD88-DN), wild-type TLR2, or dominant nega-
tive TLR2 (TLR2-P681H) were analyzed for induction of TNF-a after stimulation
with M. tuberculosis lipids. Histograms are formatted as described in Fig. 1.

tuberculosis has mannose-capped arabinofuranosyl ends (Man-
LAM) and is nonstimulatory (ref. 40 and data not shown). LAM
derived from avirulent M. tuberculosis and nonpathogenic, rap-
idly growing mycobacterial species lacks extensive mannose
capping (AraLAM) and potently stimulates TNF-« production
in macrophages. AraLAM strongly induced TNF-a in RAW
cells, and this induction was inhibited strongly by MyD88-DN or
TLR2-P681H expression (Fig. 3). AraLAM-induced TNF-«
production was unaffected by transfection with a control plasmid
(Fig. 3). These data demonstrate that TLR2 is required for
LAM-induced activation of macrophages.

Because virulent M. tuberculosis lacks stimulatory LAM, other
cell wall components derived from virulent M. tuberculosis must
be responsible for MyD88- and TLR2-dependent TNF-a pro-
duction. We examined the proinflammatory activity of M.
tuberculosis total lipids. The M. tuberculosis cell wall contains a
complex mixture of biologically active lipids including trehalose
dimycolate, sulfolipids, and phosphatidyl inositol mannoside
(32). The total lipid fraction from M. tuberculosis strongly
induced TNF-a production by RAW cells, and this stimulation
was blocked by expression of either MyD88-DN or TLR2-P681H
(Fig. 4). Expression of wild-type TLR2 had little or no effect
(Fig. 4). Thus, TLR2 plays an important role in the detection of
mycobacterial-derived lipids in macrophages.

Next, we examined the stimulatory activity of the cell wall core
mAGP. This complex contains major structural components of
the cell wall including mycolic acids, arabinogalactan, and pep-
tidoglycan (32). Like AraLAM and M. tuberculosis total lipids,
mAGP induced TNF-a production in RAW cells, and this
stimulation was blocked by MyD88-DN and TLR2-P681H ex-
pression (Fig. 5). Wild-type TLR2 expression mildly inhibited
mAGP-induced TNF-«, consistent with our previous observa-
tions that, in some instances, overexpression of the wild-type
receptor can be mildly inhibitory (31). Peptidoglycan is likely to
be one stimulatory component of mAGP. It recently has been
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Fig. 5. TNF-a produced in response to mAGP depend on TLR2. RAW-TT10

cells transiently transfected with a control plasmid, MyD88-dominant nega-
tive (MyD88-DN), wild-type TLR2, or dominant negative TLR2 (TLR2-P681H)
were analyzed for induction of TNF-«a after stimulation with mAGP. Histo-
grams are formatted as described in Fig. 1. Similar results were obtained in the
presence or absence of polymyxin B.

shown that peptidoglycan purified from Staphylococcus aureus, a
Gram-positive bacterium, can stimulate a NF-«B reporter in
fibroblasts transfected with TLR2 (refs. 27 and 28 and data not
shown).

Our murine macrophage system indicates that macrophages
detect whole M. tuberculosis via a TLR2-dependent pathway. In
contrast, TLR2 is not required for LPS signaling, a process that
is blocked by expression of dominant negative murine TLR4
(P712H) (31). These observations are consistent with reports
showing that a mutation in the TLR4 gene is responsible for the
LPS hyporesponsiveness of the C3H/HeJ mouse (24, 25) and
that these mice are responsive to mycobacterial products (15).
Recently, it has been shown that a dominant negative form of
human TLR2 (lacking the C-terminal 13 aa) blocked stimulation
of IL-12 and inducible nitric oxide synthase (iNOS) in macro-
phages by a lipoprotein derived from M. tuberculosis. Interest-
ingly, this mutant form of human TLR2 also blocked LPS
signaling (29), an observation consistent with several other
studies suggesting a role for TLR2 in LPS detection (18, 19, 27,
28). The cause of the greater TLR2 ligand specificity observed
in our murine macrophage system is not known. It is possible that
the mouse TLR2 used in the data presented here exhibits greater
selectivity than the human TLR2 used in other studies (18, 19,
27-29). It also is possible that the discrepancy is caused by
different methods of measuring TLR2 signaling; we measured
TNF-a production, whereas others have examined IL-12 and
iNOS induction in macrophages (29) or NF-«B reporter activity
in fibroblasts (18, 19, 27, 28).

Our data demonstrate that macrophages use TLR2 to detect
a variety of mycobacterial cell wall fractions that are complex
mixtures of sugars, lipids, and peptides. Each cell wall fraction
used in this study is enriched with a structurally distinct set of
stimulatory compounds. The observation that TLR2 is required
for proinflammatory responses to all of these mycobacterial cell
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wall fractions, as well as responses to Gram-positive bacteria,
lipoteichoic acid, peptidoglycan, and yeast cell walls, suggests a
relatively broad ligand specificity for this receptor (27, 28, 31).
This contrasts with TLR4, for which the only know ligand is LPS.
This implies a selective advantage for an innate immune recog-
nition system that can distinguish LPS from other microbial
products. Independent regulation of toll-like receptor gene
expression may confer selective pathogen responsiveness to
different cells. This may be important for modulating responses
to commensal and pathogenic organisms. Similarly, independent
toll-like receptors that are specific for different microbial prod-
ucts may permit inflammatory responses to be tailored to
particular organisms. However, to date, no difference has been
demonstrated between TLR2 and TLR4 signal transduction.
It is not clear how TLR2 is involved in proinflammatory
signaling by multiple structurally diverse ligands. It is possible
that TRL2 directly binds these diverse ligands. Alternately,
TLR2 may bind other endogenous macrophage proteins that are
responsible for the specific detection of the ligands. This second
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model is especially attractive because an endogenous protein,
spaetzle, is the ligand for Drosophila Toll, the prototypic toll
family receptor (41). TLR2 may oligomerize with other toll-like
receptors, thus accounting for its apparently broad ligand spec-
ificity. However, the observation that TLR2 does not block LPS
signaling (viaTLR4) suggests that this is not a general property
of toll-like receptors.

In summary, we have shown that macrophages use TLR2 to
recognize mycobacteria and induce TNF-«, an important event
in the elaboration of a protective inflammatory response to
mycobacterial infection. Thus, TLR2-dependent signals are
likely to participate in innate inflammatory responses to myco-
bacteria in a manner that is analogous to the role of TLR4 in host
response to Gram-negative bacterial infections (42).
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