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ABSTRACT Mycobacterium tuberculosis causes persistent infection due to its ability
to evade host immune responses. M. tuberculosis induces Toll-like receptor 2 (TLR2)
signaling, which influences immune responses to M. tuberculosis. TLR2 agonists ex-
pressed by M. tuberculosis include lipoproteins (e.g., LprG), the glycolipid phosphati-
dylinositol mannoside 6 (PIM6), and the lipoglycan lipomannan (LM). Another M. tu-
berculosis lipoglycan, mannose-capped lipoarabinomannan (ManLAM), lacks TLR2
agonist activity. In contrast, PILAM, from Mycobacterum smegmatis, does have TLR2
agonist activity. Our understanding of how M. tuberculosis lipoproteins and lipogly-
cans interact with TLR2 is limited, and binding of these molecules to TLR2 has not
been measured directly. Here, we directly measured M. tuberculosis lipoprotein and
lipoglycan binding to TLR2 and its partner receptor, TLR1. LprG, LAM, and LM were
all found to bind to TLR2 in the absence of TLR1, but not to TLR1 in the absence of
TLR2. Trimolecular interactions were revealed by binding of TLR2-LprG or TLR2-PIM6
complexes to TLR1, whereas binding of TLR2 to TLR1 was not detected in the ab-
sence of the lipoprotein or glycolipid. ManLAM exhibited low affinity for TLR2 in
comparison to PILAM, LM, and LprG, which correlated with reduced ability of Man-
LAM to induce TLR2-mediated extracellular-signal-regulated kinase (ERK) activation
and tumor necrosis factor alpha (TNF-�) secretion in macrophages. We provide the
first direct affinity measurement and kinetic analysis of M. tuberculosis lipoprotein
and lipoglycan binding to TLR2. Our results demonstrate that binding affinity corre-
lates with the functional ability of agonists to induce TLR2 signaling.
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Infection with Mycobacterium tuberculosis can produce both active tuberculosis (TB)
and asymptomatic long-term latent M. tuberculosis infection. An estimated 2 billion

people are infected with M. tuberculosis, and TB continues to cause millions of deaths
each year. The current TB vaccine, Mycobacterium bovis bacillus Calmette-Guerin (BCG),
provides only partial protection in childhood and remains ineffective in preventing
adult pulmonary TB.

Upon infection, M. tuberculosis is sensed by a number of pattern recognition
receptors, including Toll-like receptor 2 (TLR2), which is expressed on the surfaces of
macrophages, dendritic cells, and T lymphocytes. TLR2 plays a prominent role in the
induction of host immune responses during mycobacterial infection (1–3). The roles of
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TLR2 in TB are complex; innate immune responses induced by TLR2 can contribute to
both host defense and immune evasion (4), and TLR2 also regulates adaptive immune
responses (e.g., T lymphocyte responses) (5). TLR2 influences the inflammatory balance
of macrophages, which may determine the balance of cytokine secretion (e.g., inter-
leukin 10 [IL-10] versus IL-12) and the extent of Th1 effector T cell function (6).

TLR2 agonists expressed by M. tuberculosis include lipoproteins, lipoglycans, and
glycolipids. M. tuberculosis produces close to 100 unique lipoproteins (7), which are
predominantly triacylated (8). A number of M. tuberculosis lipoproteins are known to
display TLR2 agonist activity, including LprG (9), LprA (10), and LpqH (11). Using a
synthetic triacylated lipopeptide (Pam3CSK4), Jin et al. demonstrated ligand-induced
formation of TLR2-TLR1 heterodimers and established an X-ray crystallographic struc-
ture of Pam3CSK4 bound to TLR2-TLR1 (12), demonstrating that a lipopeptide diacyl
structure interacted with TLR2 while the remaining lipopeptide acyl structure interacted
with TLR1. Several other studies have demonstrated binding of synthetic lipopeptide to
TLR2 (13–15). The TLR2 binding properties of natural lipoproteins expressed by a
human pathogen, such as M. tuberculosis, remain to be tested, although TLR2 binding
has been reported for the meningococcal porin PorB (16). TLR2 agonist activity has
been reported for a larger set of molecules (3, 9, 10, 17–29), but TLR2 binding has not
been directly measured for these agonists.

Besides triacylated lipoproteins, a number of structurally diverse M. tuberculosis cell
wall lipoglycan and glycolipid molecules induce TLR2 signaling and responses; they
include lipoarabinomannan (LAM) and its biosynthetic precursors lipomannan (LM) and
phosphatidylinositol mannosides (1, 27–32). LAM molecules from different mycobac-
terial species differ in the terminal capping of their arabinan domains (33) and have
other structural differences. Mannose-capped LAM (ManLAM), which is found in slow-
growing mycobacterial pathogens, such as M. tuberculosis and BCG, has an arabinan
domain capped by mannosyl residues. Fast-growing Mycobacterium smegmatis ex-
presses PILAM, which has arabinan domains capped with phosphoinositides. While
PILAM induces TLR2-mediated responses (1, 31, 34, 35), ManLAM has little or no TLR2
agonist activity in most reported studies (1, 36–39). The ability of ManLAM to physically
bind TLR2 has not been assessed directly or in a manner to reveal its potential binding
affinity.

M. tuberculosis TLR2 ligands all share acyl structures but otherwise have diverse
structures. It is not clear how these structural differences affect the ligand binding and
agonist activities of the molecules. This information is necessary to understand the
pathophysiological roles of the molecules in TB and to assess potential therapeutic
applications of the molecules or versions with structural modifications to adjust their
immunomodulatory activities. The data presented here address the relative TLR2
binding and agonist activities of the M. tuberculosis lipoprotein LprG and M. tuberculosis
lipoglycans/glycolipids.

To address these questions, we used surface plasmon resonance assays to measure
the kinetics and affinities of binding of purified M. tuberculosis molecules to TLR2, and
we evaluated the TLR2 agonist activities of these molecules by assessing the induction
of extracellular-signal-regulated kinase (ERK) signaling and expression of tumor necro-
sis factor alpha (TNF-�). The M. tuberculosis molecules that we studied included LprG (a
well-studied M. tuberculosis triacylated lipoprotein) and a set of lipoglycans/glycolipids,
including phosphatidylinositol mannoside 6 (PIM6), LM, and ManLAM from virulent M.
tuberculosis strain H37Rv and PILAM from avirulent M. smegmatis. These studies re-
vealed that lipoprotein and lipoglycan/glycolipid ligands bind to TLR2 and that this
binding can lead to the formation of a trimolecular complex of the ligand with
TLR2-TLR1. Of the lipoglycans, ManLAM exhibited both lower TLR2 binding and lower
TLR2 agonist activity than PILAM. These are the first studies to directly assess binding
of any lipoglycan to TLR2 and the first direct studies of binding of an M. tuberculosis
lipoprotein to TLR2. The results demonstrate that the diminished TLR2 agonist activity
of ManLAM correlates with a low affinity for binding of ManLAM to TLR2.
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RESULTS
Mycobacterial lipoproteins and lipoglycans bind directly to isolated TLR2 but

not to isolated TLR1. Triacylated lipoproteins are proposed to promote the formation
of a functional TLR2-TLR1 heterodimer and thereby trigger downstream signaling (12,
13), but there have been no reported studies to directly assess binding of M. tubercu-
losis lipoproteins to TLR2 or TLR1. In addition, TLR2 agonists expressed by M. tubercu-
losis include lipoglycans, as well as lipoproteins (3, 9, 10, 27–29), yet there have been
no studies to directly assess TLR2 binding by any species of lipoglycan. Here, we used
surface plasmon resonance (SPR) technology to investigate the binding of a purified M.
tuberculosis lipoprotein (LprG) and several mycobacterial lipoglycans (LM, PILAM, and
ManLAM) to TLR1 and TLR2. Increasing concentrations of LprG, LM, ManLAM, or PILAM
were injected as analytes to measure binding to TLR1 or TLR2 immobilized on a sensor
chip. All of the molecules showed no detectable binding to isolated TLR1 (Fig. 1A, D, F,
and H), whereas dose-dependent binding to TLR2 was detected for all of the molecules
(Fig. 1B, E, G, and I). The presence of acylation on the analyte was critical for TLR2
binding, as nonacylated LprG (NA-LprG) failed to bind to TLR2 (Fig. 1C). We did not
assess binding of the glycolipid PIM6 to TLR2 or TLR1 in this assay, as its molecular
weight is much lower than those of the lipoglycans, making detection of its binding by
SPR problematic, but the lipoglycans share its core glycolipid structure that predicts
TLR2 binding, and experiments discussed below (Fig. 2) demonstrated its ability to form
trimolecular complexes with TLR2 and TLR1.

Evaluation of binding kinetics revealed that LprG, LM, ManLAM, and PILAM bind to
TLR2, albeit with distinct binding affinities (Table 1). LM, PILAM, and LprG showed
high-affinity binding to TLR2 with KD (equilibrium dissociation constant) values in the
nanomolar range (Table 1), suggesting physiologically relevant binding. ManLAM
bound to TLR2 with much lower affinity, with a KD value of 2.83 � 10�6 M (Table 1). A
number of previous studies have reported that ManLAM lacks TLR2 agonist activity (1,
39), but the studies were based on functional outcomes, such as cytokine induction,
and direct-binding assays have not been reported. Our binding data suggest that
ManLAM is not a robust TLR2 agonist due to its low TLR2 binding affinity, as opposed
to an ability to bind without agonist activity.

The presence of ligand is required to facilitate TLR2-TLR1 dimerization. Jin et
al. found that lipopeptide induced the formation of TLR2-TLR1 heterodimers (12),
although some studies have proposed the possibility of TLR2-TLR1 heterodimerization
without direct physical binding of a ligand (29). Most studies support recognition of
agonists by heterodimers of TLR2 and a coreceptor, either TLR1 or TLR6, although some
studies have suggested that TLR2 can recognize agonists independently of TLR1 or
TLR6 (40), possibly suggesting the formation of TLR2 homodimers, but such ho-
modimers have not been convincingly demonstrated. We used SPR binding assays to
address these questions. We injected TLR1 or TLR2 as an analyte to assess binding to
surface-immobilized TLR1 or TLR2. These studies revealed no detectable binding of
TLR1 to immobilized TLR1 (Fig. 2A), TLR2 to immobilized TLR2 (Fig. 2B), TLR2 to
immobilized TLR1 (Fig. 2C), or TLR1 to immobilized TLR2 under these conditions (data
not shown). Thus, TLR1 and TLR2 do not form homodimers or heterodimers in the
absence of an additional binding partner.

To investigate the interactions of TLR1 and TLR2 in the presence of a known TLR2
agonist, we preincubated TLR1 or TLR2 with LprG (Fig. 2D to F) or with PIM6 (Fig. 2G
to I) for 2 h at 37°C and then injected the resulting material as an analyte to study
binding to surface-immobilized TLR1 or TLR2. There was no detectable binding of TLR1
to TLR1 in the presence of LprG (Fig. 2D) or PIM6 (Fig. 2G) and, similarly, no detectable
binding of TLR2 to TLR2 in the presence of LprG (Fig. 2E) or PIM6 (Fig. 2H). However,
we observed binding of TLR2-LprG to TLR1 (Fig. 2F) and TLR2-PIM6 to TLR1 (Fig. 2I),
supporting the conclusion that the presence of a lipoprotein or glycolipid agonist (LprG
or PIM6) enabled the formation of a trimolecular complex (TLR2-LprG-TLR1 or TLR2-
PIM6-TLR1). We attempted similar experiments to detect binding of TLR2-ManLAM or
TLR2-PILAM to TLR1, but we observed high nonspecific signals with these lipoglycans

M. tuberculosis Lipoprotein and Lipoglycan Binding to TLR2 Infection and Immunity

October 2018 Volume 86 Issue 10 e00450-18 iai.asm.org 3

http://iai.asm.org


(data not shown), possibly due to formation of nonspecific aggregates under the
incubation conditions used to generate the mobile analyte sample, precluding this
approach. These results suggest that homodimerization of TLR2 or TLR1 is undetectable
even in the presence of an agonist, whereas TLR2-TLR1 heterodimers are induced in the
presence of an agonist. Moreover, these conclusions confirm that the model developed
by Jin et al. (12) with synthetic Pam3CSK4 lipopeptide also applies to a full-size native
lipoprotein and to a glycolipid naturally expressed by M. tuberculosis; these are mole-
cules of potential pathophysiological significance. Finally, binding of TLR2-LprG or
TLR2-PIM6 to TLR1 confirmed that surface-immobilized TLR1 was active for specific
analyte binding; thus, its lack of binding to the analyte TLR1 (Fig. 1A, D, F, and H and
2A, C, and D) was not due to overall loss of binding activity due to denaturation.

FIG 1 LprG and mycobacterial lipoglycans bind to TLR2 in the absence of TLR1, but not to TLR1 in the absence of
TLR2. Binding was evaluated by SPR and measured as resonance units. TLR1 (A, D, F, and H) or TLR2 (B, C, E, G, and
I) was immobilized on a CM5 sensor chip. Sensorgrams were obtained by injecting LprG (A and B) or NA-LprG (C)
at 625 nM, 2,500 nM, or 5,000 nM or by injecting LM (D and E), ManLAM (F and G), or PILAM (H and I) at 100 nM,
200 nM, 312 nM, or 625 nM. In each graph, the top curve corresponds to the top analyte concentration, and each
successive curve below is the next lower analyte concentration. (A, D, F, and H) Only the curves for the two highest
concentrations are shown (the other concentrations also revealed no detectable binding). Binding curves were
calculated with BIA evaluation 3.1 software with subtraction of nonspecific binding of the analyte to matched
sensor chip control cells without immobilized TLR2 or TLR1. The results are representative of three independent
experiments.
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ManLAM is not an effective TLR2 agonist. We performed studies to test the
relationship between TLR2 binding activity and the ability of agonists to induce TLR2
signaling and a cytokine response. M. tuberculosis is known to activate the NF-�B and
ERK pathways in a TLR2-dependent manner (6), and purified LprG has been shown to
induce ERK activation (41). Murine bone marrow-derived macrophages (BMDMs) were
stimulated with LprG or ManLAM for 15 min, washed with cold phosphate-buffered
saline (PBS), and lysed in SDS-containing buffer, as previously described (6). Induction
of ERK signaling was assessed by phosphorylation of ERK, and NF-�B signaling was
assessed by degradation of I�B� (Fig. 3). ManLAM failed to activate NF-�B (as shown by
retained expression of intact I�B�) and induced very little ERK phosphorylation. In
contrast, LprG induced I�B� degradation and high levels of ERK phosphorylation, as
reported previously (6); these effects of LprG were previously shown to be TLR2
dependent (6). Moreover, the low level of ERK phosphorylation induced by ManLAM
was TLR2 independent, as it was similarly observed in Tlr2�/� BMDMs. We also

FIG 2 Binding of LprG to TLR2 is required to form TLR2-TLR1 complexes. SPR was used to test the abilities of TLR1 and TLR2
to form homodimers or heterodimers in the presence or absence of LprG or PIM6. TLR1 (A, C, D, F, G, and I) or TLR2 (B, E, and
H) was immobilized on a CM5 sensor chip. (A to C) TLR1 (A) or TLR2 (B and C) was injected (100 nM) in the absence of a TLR2
agonist. (D to I) Alternatively, LprG (5 �M) or PIM6 (5 �M) was incubated with TLR1 (500 nM) (D and G) or TLR2 (500 nM) (E,
F, H, and I) in a total volume of 150 �l HBSN buffer for 2 h at 37°C prior to sample injection. The results are representative of
three independent experiments (A to C) or two independent experiments (D to I).

TABLE 1 Kinetics of binding of M. tuberculosis lipoproteins and lipoglycans to TLR2a

Protein Ka (M�1 s�1) Kd (1/s) KD (M)

LprG 1.04 � 104 5.23 � 10�3 5.03 � 10�7

LM 6.91 � 104 6.64 � 10�3 9.62 � 10�8

ManLAM 2.77 � 104 7.83 � 10�2 2.83 � 10�6

PILAM 1.43 � 104 1.84 � 10�3 1.29 � 10�7

aKa, association rate constant; Kd, dissociation rate constant.
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compared the abilities of LprG, ManLAM, LM, PIM6, and PILAM at equimolar concen-
trations to induce TNF-� production by BMDMs and human THP1 cells (Fig. 4). Low
concentrations (�15 nM) of LprG, LM, PIM6, and PILAM resulted in robust induction of
TNF-� in BMDMs and THP1 cells. In contrast, TNF-� induction by ManLAM occurred only
at concentrations above the effective critical micellar concentrations (42), where the
acyl chains of micellar LAM are predicted to be less available to bind TLR2 and/or TLR1,
although exposed mannan residues could bind other receptors, e.g., dendritic cell-
specific intercellular adhesion molecule-3-grabbing nonintegrin (DC-SIGN) or mannose
receptor, which have been implicated in ManLAM recognition (43–46). These findings
indicate that ManLAM is not an effective TLR2 agonist and has much less ability than

FIG 3 ManLAM induces only minimal levels of ERK phosphorylation and I�B� degradation. BMDMs from
wild-type or Tlr2�/� mice were incubated for 15 min with 30 nM LprG or ManLAM at the indicated
concentrations. The cells were lysed and analyzed by Western blotting to detect I�B� degradation and
ERK phosphorylation.

FIG 4 ManLAM induces less TNF-� than lipoproteins or lipoglycans that bind to TLR2 with higher affinity.
BMDMs from wild-type mice (A) or THP1 cells (B) were incubated for 24 h with LM, ManLAM, PILAM, PIM6,
or LprG at the indicated concentrations (shown in log scale). The supernatants were harvested, and
TNF-� production was determined by ELISA. The results are representative of three independent
experiments. The data shown represent the means � standard errors of the mean (SEM) of the results
of triplicate assays.
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established TLR2 agonists to trigger functional cytokine responses by macrophages,
consistent with previous publications (1, 30, 36–39, 47). The lack of effective TLR2
agonist activity of ManLAM (Fig. 3 and 4) correlates with its low affinity for binding to
TLR2 (Fig. 1 and Table 1), although the difference in agonist activities seen with
ManLAM versus LprG may be more profound than expected given the 5.6-fold differ-
ence in the KD.

Stimulation of TLR2 signaling by lipoglycans is dependent on TLR1. Although

TLR1 has been shown to bind to TLR2-Pam3CSK4 (12) and has been functionally
implicated in the recognition of lipoprotein TLR2 agonists, including the M. tuber-
culosis lipoprotein LpqH (19-kDa lipoprotein) (19), its role has not been studied in
responses to lipoglycan TLR2 agonists. To test the functional role of TLR1 in
response to TLR2 agonists, we treated THP1 cells with anti-TLR1, anti-TLR2, both
anti-TLR1 and anti-TLR2, or isotype-matched control antibodies for 30 min or left
them untreated; incubated the cells with lipoglycan agonists (or LprG for compar-
ison); and assessed induction of TNF-� by enzyme-linked immunosorbent assay
(ELISA) (Fig. 5). Incubation with LprG, LM, PIM6, or PILAM resulted in robust
induction of TNF-� (Fig. 5A, B, D, and E); as expected, ManLAM induced little or no
TNF-� (Fig. 5C). Responses to LM, PIM6, PILAM, and LprG were significantly blocked
by treatment with antibody to TLR1 alone, TLR2 alone, or the combination of
anti-TLR1 and anti-TLR2 (all relative to appropriate isotype-matched control anti-
bodies). These results establish essential roles of both TLR1 and TLR2 in responses
to LM and PILAM, as well as LprG.

FIG 5 TLR2 and TLR1 are both required for agonist activity of LprG, LM, PILAM, and PIM6. THP1 cells were preincubated for 30 min
with or without antibodies (10 �g/ml) as indicated and then incubated for 6 h in the continuous presence or absence of antibodies
with LprG (A), LM (B), ManLAM (C), PILAM (D), or PIM6 (E) (all at 125 nM). TNF-� production was determined by ELISA. The results
are representative of three independent experiments. The data shown represent the means � SEM of triplicate assays. ****, P �
0.0001; ***, P � 0.001; **, P � 0.01; *, P � 0.05; ns, P � 0.05.
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DISCUSSION

M. tuberculosis expresses numerous lipoproteins, lipoglycans, and glycolipids in
its complex, hydrophobic cell envelope. These molecules can activate TLR2 signal-
ing in macrophages during infection, leading to downstream protective immune
mechanisms, such as TNF-� elaboration, but also causing counterproductive mech-
anisms leading to bacterial immune evasion, such as expression of IL-10 and
downregulation of major histocompatibility complex (MHC) class II (4, 6). Due to
their diverse structures, the TLR2 binding properties of the various M. tuberculosis
TLR2 agonists remain poorly understood (reviewed in reference 32). Prior to the
experiments reported here, direct TLR2 binding studies and quantitative binding
data were largely limited to studies of a model lipopeptide, Pam3CSK4 (12), al-
though functional evidence of TLR2 agonist activity exists for a much broader set
of molecules (3, 9, 10, 17–29). Information on the binding of agonists by TLR1 is
even more limited, with direct binding interactions known for Pam3CSK4 (12) and
functional evidence for involvement of TLR1 in responses to a slightly broader set
of molecules (13, 19).

Our data demonstrate that LprG, a prototypic M. tuberculosis lipoprotein, binds
to TLR2 with high affinity (Fig. 1 and Table 1), and this binding is dependent on the
acyl structures of LprG. To our knowledge, this is the first study to directly assess
TLR2 binding by an M. tuberculosis lipoprotein with quantitative data on binding
kinetics and affinity.

Moreover, our experiments with LM and PILAM extend quantitative understanding
of the binding interactions of TLR2 with M. tuberculosis lipoglycans for the first time and
provide the first direct assessment of TLR2 binding by any non-lipoprotein/lipopetide
agonist. This enabled us to explore why LM and PILAM are TLR2 agonists while the
closely related ManLAM is not and to determine whether this difference is based on a
lack of ManLAM binding to TLR2 versus the capacity to bind without activating TLR
signaling. We observed that LM and PILAM bind TLR2 with high affinity, while ManLAM
binds at much lower affinity. ManLAM was not an effective functional activator of TLR2
signaling in macrophages during M. tuberculosis infection, consistent with prior studies
(1). While the different functional effects of ManLAM and PILAM have been attributed
in part to engagement of additional receptors, e.g., the mannose receptor, which may
alter signaling outcomes, our direct-binding data indicate that the low agonist activity
of ManLAM correlates with a low affinity for ManLAM binding to TLR2.

Interestingly, LM and PILAM bound to TLR2 with higher affinity than to ManLAM
(Table 1), even though these molecules both have PIM core structures, which may
provide acyl chain interactions that are central to TLR2-TLR1 binding and induction of
TLR2-TLR1 heterodimerization and signaling if the structural and functional model
established by Jin et al. based on lipopeptide binding (12) is extrapolated. LM, ManLAM,
and PILAM may differ in acylation state, saccharide structures (including terminal
mannosylation in ManLAM but not PILAM), and other modifications (acetylation, suc-
cinylation, sulfation, and phosphorylation); the specific effects of such structural vari-
ations remain to be determined.

Our studies also establish the ability of a pathogen-expressed full-size lipopro-
tein (LprG) to induce TLR2-TLR1 heterodimerization (or formation of TLR2-LprG-
TLR1 complexes), which is known to be required for TLR2 signaling function. While
we were unable to detect binding of LprG to TLR1 in the absence of TLR2 or binding
of TLR2 to TLR1 in the absence of LprG, we observed binding of TLR2-LprG to TLR1.
We also extended these observations beyond lipoprotein agonists by showing that
PIM6 binding to TLR2 facilitates TLR2-TLR1 heterodimerization. Although some
other TLRs (e.g., TLR4 and TLR9) form homodimers, our data indicate that formation
of TLR1-TLR1 or TLR2-TLR2 homodimers does not occur in either the absence or
presence of an agonist. It is important to note that binding affinities in the context
of TLR2-TLR1 expressed in the membranes of cells may differ from binding as
studied by these SPR assays (and other published TLR2-TLR1 binding assays or
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crystallography of TLR2-TLR1-lipopeptide interactions [12]). This caveat is fre-
quently encountered in studies of membrane receptors and their ligands. None-
theless, the biological assays of lipoprotein and lipoglycan agonist activities (Fig. 3
to 5) are consistent with the conclusions from the SPR assays. These results suggest
that formation of the biologically active heterodimeric signaling receptor may start
with an initial binding event between TLR2 and an acylated agonist, followed by
binding of that complex to TLR1, but this sequence is not proven and may be
affected by the association of both receptors with cell membranes under physio-
logical conditions.

LM and LAM exhibit several types of structural heterogeneity, including varying
degrees of acylation, branching, succinylation, sulfation, phosphorylation, and cap-
ping of saccharides; these modifications may influence the functional properties of
the lipoglycans, including their affinities for TLR2 binding and their TLR2 agonist
activities (e.g., their abilities to induce TLR2-dependent ERK activation and expres-
sion of TNF-�). Prior studies demonstrated that acylation states of LM determine the
ability to activate macrophages through TLR2 signaling and induction of proinflam-
matory cytokines (34, 48). The mannan chain length of LM and LAM is another factor
shown to influence TLR2 agonist activities of M. tuberculosis lipoglycans (49).
Torrelles et al. demonstrated that a certain structural subspecies of ManLAM
enhanced the production of interferon gamma by CD1-restricted T cells (50). There
may be other structural variations that could affect the biological functions of these
lipoglycans. The precise characterization of the functional effects of variations in the
complex structures of M. tuberculosis lipoglycans and glycolipids remains an im-
portant area for future investigation.

We conclude that the binding affinity for TLR2 is directly correlated with the ability
of M. tuberculosis lipoproteins and lipoglycans to induce TLR2 signaling and to activate
downstream immune functions in macrophages; ManLAM has low affinity for binding
to TLR2 and lacks agonist function. These observations extend our understanding of
TLR2 interactions with its agonists to molecules naturally expressed by an important
human pathogen, including both lipoproteins and lipoglycans/glycolipids, a class of
agonists for which TLR2 binding has not previously been assessed.

MATERIALS AND METHODS
Mammalian cell culture. All animal studies were approved by the Institutional Animal Care and Use

Committee of Case Western Reserve University (protocol 2012-0007). Animals were used only to obtain
murine BMDMs. C57BL/6J mice (female; 8 to 12 weeks old) were obtained from the Jackson Laboratory
(Bar Harbor, ME) and housed under specific-pathogen-free conditions. BMDMs were cultured from
suspensions of bone marrow cells from mouse femurs and tibias (6). Cell suspensions were homogenized
and filtered through a 70-�m screen. Red blood cells were lysed using ACK lysing buffer (Lonza,
Walkersville, MD). The cells were pelleted and cultured in D10F medium composed of Dulbecco’s
modified Eagle’s medium (DMEM) (HyClone, Logan, UT) with 10% heat-inactivated fetal bovine serum
(Gibco, Carlsbad, CA), 50 �M 2-mercaptoethanol (Bio-Rad, Hercules, CA), 1 mM sodium pyruvate
(HyClone), 10 mM HEPES (HyClone), 100 units/ml penicillin, 100 �g/ml streptomycin (HyClone), and 25%
LADMAC cell-conditioned medium (51). Bone marrow cultures were incubated at 37°C in a humidified,
5% CO2 atmosphere; the medium was changed on day 5 of culture, and differentiated BMDMs were used
on day 7. Human monocytic THP-1 cells (ATCC; TIB-202) were obtained from the ATCC (Manassas, VA)
and cultured in complete RPMI medium consisting of RPMI 1640 with 50 mM 2-mercaptoethanol and
10% heat-inactivated fetal bovine serum. To differentiate THP-1 cells into macrophages, the cells were
incubated for 2 days in medium containing 20 ng/ml phorbol myristate acetate (PMA) (Sigma; 1-mg/ml
stock in dimethyl sulfoxide [DMSO]) with a 2% final concentration of DMSO. The differentiated cells were
maintained in complete RPMI.

Reagents. Fc-tagged TLR–variable lymphocyte receptor hybrid constructs expressing human
TLR1 and human TLR2 extracellular domains were a gift from Jie-Oh Lee (Korea Advanced Institute
of Science and Technology, Daejeon, South Korea); TLR1 and TLR2 were expressed in Hi5 insect cells
(Invitrogen, Carlsbad, CA) and purified as described previously (12). Recombinant M. tuberculosis
lipoproteins LprG and NA-LprG were expressed and purified as described previously (9, 10). The M.
tuberculosis glycolipid PIM6 and M. tuberculosis lipoglycans LM, ManLAM, and PILAM (ManLAM
NR-14848, lots 61983887 and 62976488; LM NR-14850, lot 61977661; PILAM NR-14849, lot 61699475;
PIM6 NR-14847, lots 61699473 and 61977659) were obtained from a program supported by the NIH
Biodefense and Emerging Infections Research Resources Repository, NIAID, NIH (through BEI,
Manassas, VA). We performed silver stains on gels to detect potential contaminating protein species
and to analyze the purity of the lipoglycan preparations; we detected no contaminants. Furthermore,
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the LAM, LM, and PIM preparations from BEI had extensive quality control data from laboratories at
Colorado State University that were provided by BEI for the lot numbers we used; the data, including
gel images, are available for these lot numbers on the BEI website [http://www.beiresources.org]).
Analyses included silver staining, Western blotting, and nuclear magnetic resonance (NMR) analyses for
LM, ManLAM, and PILAM; PIM6 was analyzed by mass spectrometry. The quality control data from BEI
and our own experiments established the purity of these preparations with no detectable protein
contamination.

SPR binding assays. SPR binding experiments were performed as described previously (52) with
a BIAcore 3000 instrument, CM5 (carboxymethylated) sensor chips, and HBSN running buffer (10 mM
HEPES and 150 mM NaCl, pH 7.4). N-hydroxysuccinimide (NHS), ethylene diamine (EDC), and
ethanolamine were obtained from GE Healthcare Biosciences (Pittsburgh, PA). TLR1 or TLR2 was
immobilized on CM5 sensor chips by amine coupling (53). The chip cells were equilibrated with
HBSN. Seventy milliliters of a 1:1 mixture of 0.1 M NHS and 0.1 M EDC was injected to activate
carboxyl groups on the CM5 matrix, and the TLR (30 �g/ml in 10 mM acetate buffer, pH 4.5) was
injected. Residual NHS esters were deactivated with 70 ml of 1 M ethanolamine. Control flow cells
on the chips were activated and deactivated in the same manner but without TLR addition to yield
blank surfaces. Analytes, including LprG, NA-LprG, LM, ManLAM, PILAM, and PIM6, were diluted in
HBSN and injected over chip-immobilized TLR1 or TLR2 at a flow rate of 30 �l/min. At the end of the
analyte injection, the complexes were allowed to dissociate for 10 min in HBSN running buffer. The
chip surfaces were regenerated by 2 or 3 injections of 20 ml 50% ethylene glycol, followed by an
equilibration delay of 10 min with HBSN at a flow rate of 5 ml/min before it was used for another
analyte injection. Controls were obtained by injection of the analyte solution into a cell with a blank
chip surface. The final amount of bound analyte, expressed in resonance units (RU), was calculated
by subtracting the RU of the blank cell from the RU of the TLR-conjugated cell. Sensorgrams were
analyzed using BIA evaluation 3.1 software (GE Healthcare).

Western blots. Macrophages (106 per condition) were treated with ManLAM (31.25 nM, 62.5 nM, or
125 nM) or 30 nM LprG (6) for 15 min, washed with cold PBS, and lysed using radioimmunoprecipitation
assay (RIPA) buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS)
containing protease and protein phosphatase inhibitor cocktail (Pierce, Rockford, IL). Protein lysates were
boiled in reducing sample buffer (Bio-Rad), loaded on SDS-PAGE gels (Bio-Rad), and transferred to
polyvinylidene difluoride membranes (Millipore, Billerica, MA). The membranes were blocked in 5% dry
milk in PBS with 0.1% Tween 20, incubated with primary antibodies overnight at 4°C, and then washed
three times in PBS with 0.1% Tween 20. The membranes were then treated with secondary antibodies
for 1 h at room temperature, washed in PBS with 0.1% Tween 20 three times, and treated with
chemiluminescence reagent (Pierce). The membranes were exposed to autoradiography film (Amersham
GE Healthcare, Pittsburg, PA) and developed on an automated film processor (Konica Minolta, Wayne,
NJ). The antibodies included anti-phospho-ERK1/2 (clone D13.14.4E), anti-ERK1/2 (clone 137F5), anti-�-
actin (clone D6A8), horseradish peroxidase-linked goat anti-rabbit IgG (catalog number 7074), and
horseradish peroxidase-linked horse anti-mouse IgG (catalog number 7076) (all from Cell Signaling
Technology, Danvers, MA) and anti-I�B� (clone T.937.7) from Thermo Scientific/Pierce Biotechnology
(Rockford, IL).

ELISA. Macrophages (105 per condition) were treated with LprG, LM, ManLAM, PILAM, or PIM6 (0.1
nM to 1,000 nM) for 24 h. The plates were centrifuged at 1,500 � g, and the supernatants were collected
and stored at �80°C. TNF-� concentrations were quantified by ELISA with kits from R&D Systems
(Minneapolis, MN; DY208) and a model 680 microplate reader (Bio-Rad).

Receptor-blocking assay. Antibodies were from eBioscience (San Diego, CA). PMA-activated THP1
cells (105 per condition) were incubated for 30 min with or without anti-TLR2 (clone TL2.1) and/or
anti-TLR1 (clone GD2.F4) or similar combinations of isotype-matched control antibodies at a 10-�g/ml
final concentration at 37°C in 5% CO2. The cells were incubated for 6 h in the continuous presence of
antibodies with TLR2 agonist (LprG, ManLAM, LM, PILAM, or PIM6) at 125 nM. The supernatants were
collected and stored at �80°C. TNF-� production was quantified by ELISA.

Statistical analysis. Statistical analyses were performed using GraphPad (La Jolla, CA) Prism 5.01
software. Fisher’s exact test or Student’s two-tailed t test was used to analyze the statistical significance
of differences between groups. A P value of �0.05 was considered statistically significant.
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