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Mycobacterium tuberculosis is a major human pathogen that is
able to survive inside host cells and resist immune clearance. Most
particularly, it inhibits several arms of the innate immune re-
sponse, including phagosome maturation or cytokine production.
To better understand the molecular mechanisms by which M. tu-
berculosis circumvents host immune defenses, we used a trans-
poson mutant library generated in a virulent clinical isolate of
M. tuberculosis of the W/Beijing family to infect human macro-
phages, utilizing a cell line derivative of THP-1 cells expressing a
reporter system for activation of the transcription factor NF-κB, a
key regulator of innate immunity. We identified several M. tuber-
culosis mutants inducing a NF-κB activation stronger than that of
the wild-type strain. One of these mutants was found to be de-
ficient for the synthesis of cell envelope glycolipids, namely sulfo-
glycolipids, suggesting that the latter can interfere with innate
immune responses. Using natural and synthetic molecular vari-
ants, we determined that sulfoglycolipids inhibit NF-κB activation
and subsequent cytokine production or costimulatory molecule
expression by acting as competitive antagonists of Toll-like recep-
tor 2, thereby inhibiting the recognition of M. tuberculosis by this
receptor. Our study reveals that producing glycolipid antagonists
of pattern recognition receptors is a strategy used by M. tubercu-
losis to undermine innate immune defense. Sulfoglycolipids are
major and specific lipids of M. tuberculosis, considered for decades
as virulence factors of the bacilli. Our study uncovers a mechanism
by which they may contribute to M. tuberculosis virulence.
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Ahighly successful intracellular pathogen, Mycobacterium tu-
berculosis has evolved numerous strategies to evade clear-

ance by the immune system and most particularly the innate
immune system (1). Notably, M. tuberculosis has adapted to
replicate within macrophages and to subvert their function. It is
able to inhibit phagosome maturation, to evade autophagy, or to
dampen the production of proinflammatory cytokines. However,
the molecular mechanisms by which M. tuberculosis circumvents
host defenses are not completely understood. Innate immune rec-
ognition is based on the detection of molecular structures that are
unique to microorganisms, referred to as microbe-associated molec-
ular patterns (MAMPs), by a limited number of germline-encoded
pattern recognition receptors (PRRs), which trigger NF-κB–
dependent and IFN regulatory factor (IRF)-dependent signaling
pathways.M. tuberculosis employs two main escape strategies to restrict
PRR signaling. A first one consists in limiting MAMPs’ accessibility
to PRRs, by masking the former, for example with cell-surface–
associated phthiocerol dimycocerosate (PDIM) lipids (2). In the
absence of PDIM, PAMPs’ recognition by and signaling via Toll-like
receptors (TLRs) is increased. A second strategy is to negatively
modulate PRR signaling. For instance, direct extracellular interaction

between the early secreted antigen ESAT-6 of M. tuberculosis and
TLR2 inhibits activation of transcription factor NF-κB and IRFs,
attenuating TLR signaling in general (3). Similarly, M. tuberculosis
exposes a surface lipoglycan at its cell envelope, namely mannose-
capped lipoarabinomannan (ManLAM), which inhibits the pro-
duction of proinflammatory cytokines and increases the production
of the antiinflammatory cytokine IL-10 by human dendritic cells
(4–6). ManLAM binding to the C-type lectin DC-SIGN triggers a
signaling pathway that results in the reorientation of NF-κB, ini-
tially dedicated to the transcription of proinflammatory cytokine-
coding genes upon TLR activation, on antiinflammatory promoter
targets (7). Some M. tuberculosis strains of the W-Beijing family
express phenolic glycolipids that contribute to their hypervirulence
and down-regulate the production of proinflammatory cytokines in
infected macrophages (8).
Although the main evasion strategies used by M. tuberculosis

have been uncovered, the underlying molecular mechanisms
identified remain scarce. Moreover, they have been investigated
by hypothesis-driven approaches, using most of the time purified
M. tuberculosis cell envelope molecules. Here we aimed at iden-
tifying yet unknown mechanisms employed by M. tuberculosis
to inhibit innate immune response, using an unbiased global
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approach involving infected macrophages. Monitoring the ac-
tivation of the transcription factor NF-κB, which is a key regulator
of innate immunity, was chosen as a readout of macrophage re-
sponse. A transposon mutant library made in a virulent clinical
isolate of M. tuberculosis of the W-Beijing family and containing
over 11,000 mutants (9) was used to infect human THP-1 monocyte/
macrophage cells, which naturally express most of the PPRs involved
in M. tuberculosis sensing, using a cell line derivative stably trans-
fected with a NF-κB–inducible reporter system. Here, we report the
characterization of one selected mutant that induced an increased
NF-κB activation. Interestingly, this mutant carried an insertion in
the mmpL8 gene, already known to be required for M. tuberculosis
virulence and synthesis of sulfoglycolipids (10, 11), suggesting that
the latter, which are major and specific lipids of M. tuberculosis
(12–14), can interfere with innate immune responses.
We show that sulfoglycolipids are able to inhibit NF-κB activa-

tion and subsequent cytokine production or costimulatory mole-
cule expression, by acting as competitive antagonists of Toll-like
receptor 2. Our study uncovers a strategy used byM. tuberculosis to
undermine innate immunity, as well as a mechanism by which
sulfoglycolipids may contribute to M. tuberculosis virulence.

Results
Identification of Transposon Mutants That Induce an Altered NF-κB
Activation in Macrophages. To identify M. tuberculosis effectors
modulating NF-κB activation in macrophages, we screened a
M. tuberculosis transposon mutant library in human THP-1
monocyte/macrophage cells expressing an NF-κB–inducible re-
porter system (secreted alkaline phosphatase). The 11,000 trans-
poson mutants, which were generated in the M. tuberculosis
W-Beijing GC1237 strain (9), were first harvested in individual
wells of microplates, before addition of THP-1 cells. NF-κB ac-
tivation induced after overnight incubation was monitored by
reading optical density at 625 nm. Sixty-four hits with a Z score
value of less than −1.45 or more than 2 were then selected for
amplification and mapping of the transposon insertion site by
ligation-mediated PCR. The 10 mutants for which the phenotype
could be validated by a direct comparison with the wild-type
strain, using at least three independent bacterial cultures, are
reported in SI Appendix, Table S1. Mutant P118B01, which in-
duced an increased NF-κB activation and carried an insertion in
the mmpL8 gene, known to be required for M. tuberculosis vir-
ulence and synthesis of sulfoglycolipids (10, 11), was selected for
further studies.

mmpL8 Mutant Induces a Stronger Innate Immune Response. In agree-
ment with published data (10, 11, 15), mmpL8::Tn mutant was
impaired for surface-exposed tetraacylated sulfolipid (Ac4SGL)
production and accumulated intracellular diacylated sulfolipid
(Ac2SGL) (SI Appendix, Fig. S1). The mmpL8::Tn mutant was
compared with the M. tuberculosis W-Beijing GC1237 wild-type
strain (16) for its ability to activate the human monocyte/macro-
phage cell line THP-1. As expected from the screening, it induced
an increased NF-κB activation (Fig. 1A). Moreover, it stimulated
a stronger production of the cytokine IL-8 (Fig. 1B), as well as
expression of the costimulatory molecule CD40 (Fig. 1C). In-
terestingly, NF-κB activation induced by both the wild-type and
mmpL8::Tn mutant strains was found to be dependent on
TLR2 (Fig. 1D), indicating that themmpL8::Tn mutant triggers
an increased TLR2 signaling.
We first hypothesized that mmpL8::Tn mutant might produce a

higher amount of TLR2 ligands as a consequence of bacterial cell
surface remodeling in response to the halted biosynthesis of a major
lipid, such as Ac4SGL. Indeed, we previously observed that
mmpL4b deletion in Mycobacterium abscessus, which leads to the
specific impairment of glycopeptidolipid biosynthesis, was associated
with an overexpression of TLR2-signaling lipoproteins in the mutant
(17). TLR2 ligands produced byM. tuberculosis include lipoproteins
as well as lipoglycans, namely, phosphatidyl-myo-inositol-mannosides
(PIM), lipomannan (LM) and lipoarabinomannan (LAM) (18).
However, biochemical analyses showed that lipoproteins or lip-
oglycans were not overproduced in the mutant strain (SI Appendix,
Fig. S2 A and B). Moreover, lipoproteins and lipoglycans purified
from the mutant showed the same capacity as those from the wild-
type strain to induce NF-κB activation in THP-1 cells (SI Ap-
pendix, Fig. S2 C and D). Altogether, these data indicated that the
mmpL8::Tn mutant does not produce a higher amount of, or more
potent TLR2 ligands. Thus, we next hypothesized that the mutant
had lost molecules that inhibit TLR2 signaling.

Ac4SGL Inhibits Activation of TLR2 Signaling. As the mmpL8::Tn
mutant lacks Ac4SGL, we tested whether this glycolipid was able
to inhibit TLR2 activation. Interestingly, we found that this
glycolipid indeed inhibited in a dose-dependent fashion NF-κB
activation in THP-1 cells stimulated by M. tuberculosis lipopro-
teins (Fig. 2A). However, Ac4SGL had no inhibitory effect on
NF-κB activation induced by either muramyl dipeptide (MDP), a
NOD2 ligand, or TNFα (Fig. 2B), indicating that Ac4SGL is not
toxic to the cells at the doses tested; does not act on the components

Fig. 1. mmpl8::Tn mutant induces a stronger innate
immune response. THP-1 cells were infected by the
M. tuberculosisGC1237wild-type ormmpL8::Tnmutant
strains at the indicated MOI. After 16 h, NF-κB activa-
tion (A and D), IL-8 production in the culture superna-
tant (B) and CD40 expression (C) were measured.
(A and D) NF-κB activation was determined by mea-
suring alkaline phosphatase activity in the culture su-
pernatant and reading OD at 630 nm. TLR2 dependence
was investigated by preincubating cells for 30 min at
37 °C with 5 μg/mL of anti-TLR2 or IgG1 isotype control
antibodies. (B) IL-8 release in the culture supernatant
was determined by sandwich ELISA. (C) CD40 expression
was monitored by flow cytometry. Data show mean ±
SEM ***P < 0.001; iso ctrl, isotype control; n.i., not in-
duced; n.s., not significant.
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that are common to TLRs, NOD and TNFα receptor signaling
pathways; and might thus specifically inhibit TLR2. It is noticeable
that Ac4SGL slightly increased NF-κB activation triggered by MDP.
However, the underlying mechanisms are unknown. As shown in
Fig. 2 C and D, Ac4SGL also efficiently inhibited IL-8 production
and CD40 expression induced by lipoproteins.

Structural Features Required for TLR2 Inhibition. We next sought to
determine the molecular bases of Ac4SGL inhibitory activity.
Ac4SGL is composed of a trehalose core, sulfated in position 2′,
and esterified by four fatty acids: one short chain (palmitic or
stearic) fatty acid in position 2 and three polymethylated and
hydroxylated long chain [hydroxy-phthioceranoic acid (HPA)]
fatty acids in positions 3, 6, and 6′ (15, 19) (Fig. 3A). We first
investigated the role played by fatty acids. Natural Ac2SGL, ac-
ylated by one short fatty acid on position 2 and one HPA on
position 3 (Fig. 3A), showed the same inhibitory activity as
Ac4SGL, whereas trehalose-2′-sulfate was inactive, indicating
that fatty acids are required but two are sufficient (Fig. 3B). To
determine whether the complex HPA was required, we chemi-
cally synthesized an Ac2SGL analog molecule esterified by two
palmitic acids (20) (Pam2SGL; Fig. 3A) that is naturally pro-
duced in small amount by M. tuberculosis (15). Interestingly,
Pam2SGL efficiently inhibited NF-κB activation (Fig. 3B and SI
Appendix, Fig. S3A). However, inhibitory activity was lost upon
removal of the 2′-sulfate anion (Pam2GL) (Fig. 3B). Altogether,

these data showed that a simple Pam2SGL structure was sufficient
to inhibit TLR2 signaling. Moreover, Pam2SGL, as Ac4SGL, effi-
ciently inhibited IL-8 production (SI Appendix, Fig. S3C) and
CD40 expression (SI Appendix, Fig. S3D) induced by lipoproteins,
but had no effect on NF-κB activation induced by either MDP or
TNFα (SI Appendix, Fig. S3B).
The structural analogy between Pam2SGL and the conserved

S-diacylglyceryl moiety of lipoproteins/lipopeptides (SI Appendix,
Fig. S4) recognized by the binding pocket of TLR2 (21) prompted
us to hypothesize that sulfoglycolipids might compete for the
binding of TLR2 agonists.

Sulfoglycolipids Are Competitive Inhibitors of TLR2. In a first attempt
to support this assumption, we investigated the capacity of sulfo-
glycolipids to inhibit TLR2 signaling in an artificial HEK cell line
overexpressing TLR2, but no other coreceptor, and a reporter
system for NF-κB activation (HEK-TLR2). Interestingly, sulfo-
glycolipids inhibited NF-κB activation in HEK-TLR2 cells (Fig.
3C) and the structural requirements for inhibitory activity were the
same as for THP-1 cells (Fig. 3B). To test the possible involvement
of coreceptors that would help binding and transferring sulfogly-
colipids to TLR2, we investigated the inhibitory activity of Ac4SGL
on HEK-TLR2 cells coexpressing the classical TLR2 accessory
receptors CD14 or CD36, or two other scavenger receptors known
to bind mycobacterial lipids bearing complex fatty acids, namely
SRA (22) and MARCO (23). However, addition of either of these
receptors did not improve the IC50 of Ac4SGL toward M. tuber-
culosis lipoproteins (Fig. 3D).
In competitive inhibition, ligands and inhibitors compete for

binding to the same receptor site. Thus, a competitive inhibitor
inhibits signaling induced by different agonists using the same
binding site and, in its presence, the ligand’s EC50 increases but
maximal effective concentration (ECmax) is not modified. We next
checked whether sulfoglycolipids fulfilled these criteria. First, we
investigated their ability to inhibit TLR2 signaling induced by dif-
ferent agonists binding to the same site as lipoproteins, but using
different TLR heterodimers or being of different chemical fami-
lies: the triacylated lipopeptide Pam3CSK4, a ligand of TLR2/
TLR1 heterodimer, the diacylated lipopeptide FSL-1, a ligand
of TLR2/TLR6 heterodimer, and mycobacterial lipomannan, a
ligand of TLR2/TLR1 heterodimer, but harboring a man-
nosylphosphatidyl-myo-inositol lipid anchor instead of the ac-
ylated cysteinyl group found in lipopeptides (18) (SI Appendix,
Fig. S4). Both Ac4SGL and Pam2SGL inhibited, in a dose-
dependent fashion, NF-κB activation triggered by the differ-
ent TLR2 agonists (Fig. 4). Pam2SGL appeared more efficient
than Ac4SGL for inhibiting the TLR2/TLR1 agonist lipopro-
teins, Pam3CSK4 and lipomannan, whereas both compounds
inhibited the TLR2/TLR6 agonist FSL-1 with the same effi-
ciency. Interestingly, augmenting Pam2SGL concentration from
0 to 3 μg/mL resulted in a ∼30-fold increase of Pam3CSK4 EC50,
from 30 ng/mL to 1 μg/mL (Fig. 5A). In contrast, Pam3CSK4 ECmax
remained the same, strongly supporting the hypothesis that sulfo-
glycolipids are competitive inhibitors of TLR2. To definitely
demonstrate it, we investigated whether sulfoglycolipids were able
to compete for the binding of TLR2 ligands, using a binding assay
of FITC-labeled lipoproteins (FITC-LPs) to HEK-TLR2 cells (24,
25). FITC-LPs bound HEK-TLR2, but not the parent HEK cells,
and, as expected, their binding to HEK-TLR2 cells was blocked
by an anti-TLR2 antibody (Fig. 5B). Interestingly, addition of
Pam2SGL inhibited in a dose-dependent fashion FITC-LPs bind-
ing to TLR2, whereas Pam2GL and trehalose-2′-sulfate (TreS) had
no effect (Fig. 5B). Altogether, our data demonstrate that sulfo-
glycolipids are competitive antagonists of TLR2.

Discussion
To successfully colonize and survive inside its host, M. tubercu-
losis has evolved evasion strategies to undermine host innate

Fig. 2. Ac4SGL inhibits activation of TLR2 signaling. THP-1 cells were stim-
ulated with various stimuli in the presence or not of Ac4SGL at the indicated
concentrations. After 16 h, NF-κB activation (A and B), IL-8 in the culture
supernatant (C), and CD40 expression (D) were measured. (A and B) NF-κB
activation was determined by measuring alkaline phosphatase activity in the
culture supernatant and reading OD at 630 nm. (C) IL-8 release in the culture
supernatant was determined by sandwich ELISA. (D) CD40 expression was
monitored by flow cytometry. Data show mean ± SEM. MDP, muramyl di-
peptide, a ligand of NOD2; n.i., not induced.
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immune response, in particular by restricting PRR signaling.
Using an unbiased global approach involving infected macro-
phages and NF-κB activation as a readout, we have identified a
mechanism employed by M. tuberculosis to limit MAMPs rec-
ognition by PRRs. Indeed, in addition to the previously un-
covered strategy consisting of decreasing MAMPs’ accessibility
to bacilli cell surface (2), we show that M. tuberculosis can di-
rectly inhibit MAMPs’ binding to PRRs via the production of
antagonist glycolipids. The mmpL8::Tn mutant, which is im-
paired in the production of surface-exposed Ac4SGL, was found
to trigger an increased TLR2 signaling in macrophages, associ-
ated with higher cytokine production and costimulatory molecule

expression, compared with the wild-type strain. This result is in
agreement with previous data by Domenech et al. (11) showing
that a MmpL8 mutant strain less efficiently suppressed key indi-
cators of a Th1-type immune response, suggesting an immuno-
modulatory role for SGLs in the pathogenesis of tuberculosis.
Indeed, as stated by the authors (11), the simplest interpretation of
these data would be a direct effect of SGLs on the immune system.
Here, we demonstrate that SGLs are indeed competitive in-

hibitors of either TLR2/TLR1 or TLR2/TLR6 heterodimers, and
therefore undermine the cellular activation, such as NF-κB ac-
tivation, cytokine production, or costimulatory molecule ex-
pression, induced by M. tuberculosis TLR2 agonists. Accordingly,

Fig. 3. SGL structural features required for TLR2 in-
hibition. (A) Chemical structures of SGLs and deriva-
tives. The main acyl forms of natural Ac4SGL and
Ac2SGL, predominantly acylated by HPA, are depicted.
Minor acyl forms containing a combination of HPA,
phthioceranoic, stearic and/or palmitic acids also exist.
(B and C) THP-1 (B) and HEK-TLR2 (C) cells were stim-
ulated by M. tuberculosis lipoproteins in the presence
or not of Ac4SGL, Ac2SGL, trehalose-2′-sulfate (TreS),
Pam2SGL, or unsulfated Pam2SGL (Pam2GL) at the in-
dicated concentrations. (D) HEK-TLR2 cells coexpress-
ing various scavenger receptors (CD14, CD36, SRA, or
MARCO) or THP-1 cells were stimulated by M. tuber-
culosis lipoproteins at 0.5 μg/mL in the presence of
Ac4SGL at the indicated concentrations. After 16 h, NF-
κB activation was determined by measuring alkaline
phosphatase activity in the culture supernatant and
reading OD at 630 nm. Data show mean ± SEM. n.i.,
not induced.

Fig. 4. SGLs inhibit NF-κB activation induced by various TLR2 agonists. HEK-TLR2 cells were stimulated byM. tuberculosis lipoproteins (A), Pam3CSK4 (B), FSL-1
(C), or M. tuberculosis lipomannan (D) in the presence or not of Ac4SGL or Pam2SGL at the indicated concentrations. After 16 h, NF-κB activation was de-
termined by measuring alkaline phosphatase activity in the culture supernatant and reading OD at 630 nm. Data show mean ± SEM. n.i., not induced.
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the mmpL8::Tn mutant, which lacks surface-exposed Ac4SGL, in-
duces a stronger TLR2-dependent activation of macrophage cells.
Structure–function relationships analyses indicate that a diacylated
SGL structure is sufficient to inhibit the signaling triggered by
TLR2 agonists. Indeed, natural M. tuberculosis Ac2SGLs are as
inhibitory as Ac4SGLs. Although produced in low amount and lo-
calized in the cell wall, presumably inserted in the plasma mem-
brane (10, 11), Ac2SGLs might also play a role in the modulation of
host immune response in vivo via their delivery from infected
macrophages, through exosomes or apoptotic vesicles, to bystander
cells, as shown for otherM. tuberculosis lipids (26, 27). Surprisingly,
the complex and M. tuberculosis-specific hydroxy-phthioceranoic
acids were not required for inhibitory activity since an Ac2SGL
analog molecule esterified by two palmitic acids (Pam2SGL) was as
efficient as, or even more efficient than, the natural molecule. The
role of these complex fatty acids, only found in SGLs, remains
unclear (11), although it is worth noting that the fine structure of
fatty acids governs the recognition of Ac2SGL by CD1-restricted
T cells (20, 28). Interestingly, Pam2SGL is a fully synthetic molecule
that efficiently blocks TLR2 activation in vitro and that should be
further tested in different pathological models in vivo where
TLR2 is involved, to determine its therapeutic potential (29).
SGLs are major and specific lipids ofM. tuberculosis (12, 14), and

five decades of in vivo and in vitro studies have led to consider them
as virulence factors of the bacilli. They have been shown to exhibit
several immunomodulatory activities, either suppressive or stimula-
tory, in vitro in immune cells (30–37). For example, purified
sulfolipid-I (SL-I), the most abundant tetraacylated sulfoglycolipid
acyl form (38), has been found to prevent phagosome–lysosome
fusion in cultured mouse peritoneal macrophages (30), to suppress
the production of reactive oxygen species by LPS-, IFNγ-, IL1β-,
TNFα- or MDP-primed human monocytes (31, 32), to inhibit the
production of IL1β, the activity of protein kinase C, and alter the
pattern of protein phosphorylation in LPS-stimulated human
monocytes (31, 32). In contrast, purified SL-I has also been proposed
to activate the production of reactive oxygen species by human
neutrophils (36, 37) and primed monocytes (32, 37), as well as the
cytokines IL1β and TNFα by the latter cells (32). Reasons for these
somehow conflicting data are unclear, but may result from differ-
ences in SL-I preparations, including the possible presence of im-
purities or differences in the immune cells used, such as cell type,
host species, and culturing or priming conditions (35). In a recent
study, Gilmore et al. (35) reported that purified SL-I, as well as a
fully synthetic analog (devoid of any trace levels of bioactive con-
taminants), in contrast to Pam3CSK4, did not induce a pattern of
proinflammatory gene expression in human monocyte-derived den-
dritic cells (hDCs). In addition, they observed, in agreement with our

data, that neither of the two compounds stimulated the production
of the proinflammatory cytokines TNFα in a variety of cell types,
including hDCs, human primary macrophages, THP-1 cells, or the
murine macrophage RAW cell line. Although some toxic or im-
munosuppressive properties of sulfoglycolipids, such as disruption of
mitochondrial oxidative phosphorylation (39) or accumulation in the
lysosomes (30), may result from their ability to directly interact with
host cell membranes, some others might well be determined by their
binding to host cell receptors, including TLR2. Indeed, signals from
TLRs, including TLR2, are required for phagosome maturation
(40), and activation of TLR2 has been shown to reduce the viability
of M. tuberculosis in macrophages (41). So, blocking TLR2 signaling
might be, at least in part, responsible for purified sulfoglycolipid’s
ability to prevent phagosome–lysosome fusion in macrophages (30).
Similarly, induction of an increased TLR2 signaling is likely to ex-
plain the intracellular growth defect of sulfoglycolipid-deficient
mutants in hDCs (34), although the phenotype of the mutants
seems to be immune cell- and host species-specific, and reflective of
the balance between different antimycobacterial effector mecha-
nisms (35). LPS, if not specifically repurified to eliminate low con-
centrations of highly bioactive lipoproteins, activates TLR2 in
addition to TLR4 (42, 43). The reported immunosuppressive activ-
ities of purified sulfolipids on LPS-primed monocytes (31, 32) might
thus be in part due their capacity to act as TLR2 antagonists.
In vivo, early studies have reported a correlation between viru-

lence of different strains of M. tuberculosis in guinea pigs and the
amount of SGLs produced by these strains grown in vitro in culture
broth (13, 44). However, more recent studies using isogenic strains
have led to contrasting results. ΔmmpL8 mutant strains, lacking
Ac4SGL, showed an attenuated virulence in mice, in terms of bacilli
burden (10) or mice survival (11). In contrast, Δpks2 mutant strains,
defective for SGLs production, were not impaired for growth in mice
or guinea pigs (10, 45). Again, the reasons for these discrepancies are
not fully understood (10, 11, 35). Nevertheless, a recent work using
multiple deletions in the polyketide synthase gene repertoire of
M. tuberculosis revealed functional overlap of cell envelope lipids in
host–pathogen interactions (46). Indeed, PDIM clearly appeared as
dominant lipid virulence factors masking the function of other lipid
families, such as SGLs. However, interestingly, the loss of SGLs
increased the attenuated phenotype of a PDIM-less mutant in mice
and affected bacilli growth in human macrophages (46).
In conclusion, our findings reveal that producing glycolipid

antagonists of PRRs, such as TLR2, is a strategy used by
M. tuberculosis to undermine innate immune clearance.
Moreover, we uncover a mechanism by which SGLs may con-
tribute to M. tuberculosis virulence.

Fig. 5. SGLs increase TLR2 agonist EC50 (A) and compete for the binding of M. tuberculosis lipoprotein to TLR2 (B). (A) HEK-TLR2 cells were coincubated with
Pam3CSK4, at a concentration ranging from 0.1 ng to 10 μg/mL, and Pam2SGL, at a concentration ranging from 10 ng to 3 μg/mL. After 16 h, NF-κB activation was
determined by measuring alkaline phosphatase activity in the culture supernatant and reading OD at 630 nm. (B) HEK-TLR2 cells were incubated with FITC-labeled
M. tuberculosis lipoproteins and preincubated or not for 30 min at 37 °C with Pam2SGL, Pam2GL, TreS, anti-TLR2 antibody, or isotype control (Iso Ctrl) at the in-
dicated concentrations. The percentage of FITC+ cells was determined by flow cytometry analysis. Results for each condition are expressed relative to the value
obtainedwith HEK-TLR2 cells incubatedwith FITC-labeledM. tuberculosis lipoproteins alone and set to 1. Data showmean ± SEM. **P < 0.01; ***P < 0.001; n.s., not
significant. P value is given vs. lipoproteins–FITC alone on HEK-TLR2 cells.
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Material and Methods
Mutant Library Screening. Three-week-oldM. tuberculosis Beijing GC1237 mutant
individual culture (20 μL) from the previously used library (9) was transferred into
a 384-well assay plate. THP-1 Blue cells (2 × 104 per well; Invivogen) were dis-
tributed in 30 μL of HEK Blue Detection medium (Invivogen). After 16 h, OD was
read at 625 nm. Details are provided in SI Appendix, SI Materials and Methods.

THP-1 and HEK-TLR2 Cell Experiments. The different stimuli and competitors,
obtained as described in SI Appendix, SI Materials and Methods, were added in
96-well plates at multiplicity of infection (MOI) or concentrations indicated in
the figures. Cells (105 per well for THP-1; 5 × 104 per well for HEK-TLR2),
maintained as described in SI Appendix, SI Materials and Methods, were then
distributed in 200 μL of appropriate culture medium and stimulated for 18 h.
NF-κB activation was measured by mixing 20 μL of the culture supernatant and
180 μL of Quanti-Blue (InvivoGen) and reading OD at 630 nm. IL-8 was assayed
in the culture supernatant by sandwich ELISA using commercially available kits
(eBioscience). CD40 expression was monitored by flow cytometry using a CD40
PE-conjugated antibody (Beckman Coulter).

TLR2 Binding Assay. HEK parent or HEK-TLR2 cells (2.5 × 105 per well) were
distributed in 96-well plates, washed with PBS/Ca2+ (Gibco) containing 0.5%

BSA (buffer A) and incubated with 10 μg/mL of FITC-labeled lipoproteins for
30 min at 37 °C in buffer A. In competition experiments, cells were preincubated
for 30min at 37 °C with 10 μg/mL of anti-TLR2 monoclonal antibody (clone T2.5,
InvivoGen) or isotype control (IgG1, eBioscience), or 3, 10, or 20 μg/mL
of Pam2SGL, Pam2GL, or TreS in buffer A. Cells were then washed
with buffer A. Cell integrity was determined by treatment with 2 μg/mL of
7-aminoactinomycin D (eBioscience) for 5 min at 4 °C in buffer A. The per-
centage of FITC+ cells was determined by flow cytometry analysis on a LSRII
apparatus (BD Biosciences). The percentage of FITC+ cells in the presence
of FITC-labeled lipoproteins was set to the value of 1. Results for each
condition are expressed relative to this value and are the mean of three
independent experiments.
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