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Toll-like receptors are host sentinel receptors that signal the
presence of infectious nonself and initiate protective immunity.
One of the primary immune defense mechanisms is the recruit-
ment of neutrophils from the bloodstream into the infected tissue.
Although neutrophils are important in host defense, they can also
be responsible for damaging pathologies associated with exces-
sive inflammation. Here, we report that the di-acylated TLR2
ligand lipoteichoic acid can directly inhibit neutrophil recruitment
in vivo. This discovery allowed us to test the concept that
conventional proinflammatory TLR2 ligands can be made to act
as inhibitors through specific structural modifications. Indeed,
lipopeptide TLR2 ligands, when modified at their acyl chains to
contain linoleate, lose their capacity to induce inflammation and
yield ligands that can directly inhibit the in vivo neutrophil re-
cruitment initiated by a wide range of proinflammatory stimuli.
The inhibitory capacity of LTA and these modified ligands requires
the expression of TLR2, but is independent of the TLR2 signaling
adaptor, MyD88. Instead, this inhibitory effect requires functional
activity of the fatty acid and nuclear hormone receptor peroxi-
some proliferator-activated receptor γ (PPARγ). Therefore, these
data support a model in TLR2 biology where structural modifica-
tions of these ligands can profoundly influence host–microbial
interactions. These inhibitory TLR2 ligands also have broader
implications with respect to their potential use in various inflam-
matory disease settings.
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Toll-like receptors (TLRs) are sentinel receptors of the im-
mune system. Upon ligand binding, these receptors initiate

receptor-specific recruitment of a family of TIR-domain-con-
taining adaptor proteins, which further initiate signaling cascades
that culminate in the activation of cell-type-specific, and re-
ceptor/ligand-specific inflammatory responses (1–3). In particu-
lar, TLR2 forms heterodimers with either TLR1 or -6 to initiate
inflammatory responses upon stimulation with a wide variety of
microbial-derived ligands (4, 5). A unifying feature of many of
these TLR2 ligands is their acylation status, where acylation
patterns impart specificity to receptor-ligand interactions; di-
acylated ligands are recognized by TLR2/6 heterodimers and
triacylated ligands are recognized by TLR2/1 heterodimers (6,
7). Principal among these ligands are acylated lipopeptides de-
rived from bacteria, however other acylated bacterial compo-
nents, such as the Gram-positive bacterial cell wall component
lipoteichoic acid (LTA), are also recognized by TLR2 (8).
TLR-induced activation of acute inflammatory responses is

ultimately responsible for the eradication of infectious agents, in
part through the recruitment of polymorphonuclear neutrophils
from the bloodstream into the affected tissue. This recruitment
follows a well characterized cascade of successive steps (reviewed
in refs. 9 and 10) that allow the neutrophils to deal with the
offending microbes through the activities of proteases, bacteri-
cidal peptides, and reactive intermediates. In addition to the

host-protective role that these cells play in the immune response,
excessive or inappropriate neutrophil recruitment results in sig-
nificant pathophysiology and morbidity (11–13).
Although TLR receptors and their ligands have been consis-

tently characterized as activators of the immune response, we
found that the TLR2 ligand LTA can actively inhibit the neu-
trophil-recruitment-induced in vivo in response to a wide variety
of proinflammatory stimuli. We also found that TLR2 lip-
opeptide ligands can be engineered to exhibit inhibitory proper-
ties. This inhibitory mechanism relies on a collaboration between
TLR2 and the anti-inflammatory nuclear hormone receptor
peroxisome proliferator-activated receptor γ (PPARγ; ref. 14).

Results
TLR2/6 Ligand, LTA, Inhibits Acute Neutrophil Recruitment in Vivo. In
previous studies, we reported that the di-acylated TLR2/6 ligand
LTA does not induce neutrophil recruitment in vivo when
evaluated in a murine model of acute inflammation (15, 16). This
finding is in contrast to other TLR2 lipopeptide ligands, which
each induce robust neutrophil recruitment in vivo (16). The in-
ability of LTA to induce neutrophil recruitment was unexpected,
especially because many LTA preparations have been shown to
contain non-TLR2, proinflammatory stimuli, including lipo-
polysaccharide (LPS; ref. 17). Despite the presence of these po-
tent proinflammatory components, these preparations, as well as
ultrapure preparations of LTA, did not induce neutrophil re-
cruitment in vivo (15, 16). We hypothesized that LTA possesses
inhibitory properties that prevent neutrophil recruitment in re-
sponse to other acute inflammatory stimuli. To test this hy-
pothesis, we used intravital microscopy of the murine cremaster
muscle to evaluate the effects of the TLR4 ligand LPS or the
cytokine TNFα on neutrophil recruitment in the presence or
absence of Staphylococcus aureus LTA. In the presence of LTA,
there was a dramatic reduction in the number of neutrophils that
emigrated into the cremaster muscle compared with LPS or
TNFα alone (Fig. 1A). In fact, the number of emigrated cells in
the presence of LTA was similar to baseline, noninflamed con-
ditions (Fig. 1A). This inhibitory response mediated by LTA was
not observed in TLR2−/− mice (Fig. 1A), consistent with a func-
tional role for this receptor. Using bone-marrow chimeric mice,
we found that TLR2 expression is required on bone-marrow-
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derived cells in order to observe the inhibitory response (Fig.
1B). To ensure that the reduced emigration observed in wild-
type animals was not the result of neutrophil trapping in the liver
and lung (18), we evaluated circulating leukocyte counts. In all
cases, the number of circulating leukocytes was unchanged from
the control saline treatment (Fig. S1A). In addition, the neu-
trophils were induced to roll slowly along the endothelium in
response to LPS and TNFα; this outcome was unaffected by LTA
cotreatment (Fig. S1B), suggesting that there were no untoward
toxic effects on the neutrophils.
To further evaluate the inhibitory potential of LTA, a s.c.

inoculum of a luciferase reporter E. coli strain was used. When
LTA was coadministered with this live bacterial inoculum, the
host response to these bacteria was delayed, as seen by a pro-
longed presence of the reporter strain in animals that had re-
ceived LTA (Fig. 1 C and D). This observation was not due to
a general ability of LTA to promote the growth of E. coli, as the
presence of LTA had no effect on bacterial growth in vitro (Fig.
S1C). To assess whether LTA could have a direct effect on the
ability of neutrophils to respond to a chemotactic stimuli, MIP2
was perfused over the exposed cremaster in the presence or
absence of LTA. Neutrophil emigration was consistently inhibi-
ted by the presence of LTA (Fig. 1E). To assess whether LTA

could abrogate an established acute inflammatory reaction, mice
were administered with LPS or TNFα via an intrascrotal in-
jection 2 h before the addition of LTA. Assessment 2.5 h later
found a 50% reduction of newly emigrated cells in animals ex-
posed to LTA (Fig. 1F). These data demonstrate that the in-
hibitory capacity of the LTA is not limited to a particular
proinflammatory stimulus or receptor system, and most impor-
tantly, that LTA can dampen acute inflammatory responses,
even after they have been initiated.
Because LTA is routinely used to study TLR2 biology in vitro,

we evaluated the inhibitory capacity in murine bone marrow-
derived macrophages. Consistent with the literature (16), we did
not see any inhibitory effects and instead found LTA to activate
inflammatory responses in these cells (Fig. S1 D and E). Finally,
to determine whether this is a general inhibitory property of all
TLR2 ligands or a unique characteristic of LTA, LPS was ad-
ministered with each of the other TLR2 ligands: R-FSL1, S-
FSL1, Pam2CSK4, or Pam3CSK4. Each ligand was found to be
proinflammatory and did not exhibit any inhibitory properties
toward neutrophil emigration (Fig. S1F).

Inhibitory Capacity of LTA Is MyD88-Independent. It has previously
been reported that signaling downstream of TLR2 requires
MyD88 (19). Therefore, we used MyD88−/− mice to evaluate the
requirement for MyD88 in this TLR2-dependent response and
found that MyD88 was dispensable for the inhibitory activity of
LTA (Fig. 2A). As a control, we assessed the conventional TLR2-
signaling pathway in bone marrow-derived macrophages in vitro
and observed a strict requirement for MyD88 for NFκB pathway
activation (Fig. 2B).Moreover, to eliminate the possibility that the
TLR3/TLR4-specific,MyD88-independent pathway was involved,
similar experiments were performed using TRIF-deficient animals
(20). Again, LTA inhibited TNFα-induced neutrophil recruitment
in these animals, with levels comparable to those observed in wild-
type or MyD88−/− animals (Fig. S2).

Defining the Molecular Characteristics That Render TLR2 Ligands
Inhibitory. LTA is a complex, heterogeneous mixture of up to 50
1,3-linked polyglycerolphosphate subunits linked to a β-gentio-
biose core with a lipid anchor (21, 22). To identify the molecular
characteristics responsible for the TLR2 inhibitory effects, we
focused on the lipid anchor, because fatty acids derived from
specific acyl chain modifications can be modified to yield prod-
ucts with anti-inflammatory properties. In particular, oxidized
or nitrated derivatives of linoleic acid and nitrated derivatives

Fig. 1. S. aureus LTA inhibits the in vivo acute inflammatory responses to
a wide array of inflammatory stimuli, in a TLR2-dependent manner. (A) Wild-
type and TLR2−/− male mice were given intrascrotal injections of 150 μL of
saline or saline containing LTA (5 ng/g), LPS (10 ng/g), TNFα (20 ng/g), either
alone or in combination. Neutrophil emigration in the cremaster tissue was
monitored using intravital microscopy 4.5 h following intrascrotal injection
of the above ligands. (B) Bone marrow chimeric mice were given intrascrotal
injections of 150 μL of saline or saline containing LTA (5 ng/g) or TNFα (20
ng/g), either alone or in combination. Neutrophil emigration 4.5 h following
intrascrotal injection of the above ligands is shown. (C and D) Male C57BL/6
mice were given a dorsal s.c. inoculum of live luminescent E. coli in the
presence or absence of LTA. (C) Luminescence normalized to the detected
luminescence at the time of inoculation, observed over 6 h. (D) Image of
two examples of these mice (with and without LTA), taken at the time of
inoculation and 4 h later. (E) Neutrophil emigration into the cremaster
tissue monitored by intravital microscopy following exteriorization of
the cremaster and superfusion with buffer containing MIP2 (2.5 μM), MIP2
(2.5 μM) + LTA (200 ng/mL), or LTA (200 ng/mL) alone. (F) Evaluation of the
number of neutrophils that had emigrated into the cremaster tissue, 4.5 h
following an intrascrotal injection of LPS (10 ng/g) or TNFα (20 ng/g) and
2.5 h following an intrascrotal injection of LTA (100 ng/g).

Fig. 2. The inhibitory capacity of LTA is independent of conventional TLR2
signaling pathways. (A) MyD88−/− mice were given an intrascrotal injection of
150 μL of saline or saline containing LTA (5 ng/g) and/or TNFα (20 ng/g), either
aloneor in combination, andevaluated 4.5 h later by intravitalmicroscopy for the
numberof emigrated cells in the cremaster tissue. (B)Wild-typeorMyD88−/−bone
marrow-derived macrophages were treated in vitro with LPS (100 ng/mL), TNFα
(20 ng/mL), or LTA (1 μg/mL), and analyzed by Western blot for IκBα expression.
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of oleic acid are known PPARγ ligands (23), and activation of
this nuclear hormone receptor has been shown to be anti-in-
flammatory by limiting neutrophil migration and the production
of proinflammatory mediators by macrophages (14, 24, 25).
Moreover, the fatty acid linolenic acid can also be metabolized to
yield anti-inflammatory mediators of the resolvin and protectin
family (26). Because the structure of LTA does not lend itself
easily to chemical synthesis, we took the approach of trans-
forming a TLR2 ligand into one with inhibitory properties by
incorporating specific fatty acids. We synthesized modified ver-
sions of the proinflammatory lipopeptide TLR2 ligand, FSL-1, to
contain the lipid modifications di-linoleate, di-oleate, or di-
linolenate, in lieu of the conventional di-palmitate (Fig. 3).
These modified ligands were then used to determine whether
any of these modifications could transform the proinflamma-
tory lipopeptide TLR2 ligand, FSL1, into an anti-inflammatory
TLR2 ligand.
Following intrascrotal administration of the ligand containing

di-linoleate (FSL1-Lin2), neutrophil recruitment was severely
compromised compared with the parent FSL-1 ligand (Fig. 4A).
Once again, this was not due to an effect on circulating leukocyte
counts (Fig. S3A). By comparison, the other engineered ligands
(FSL1-Lnn2 and FSL1-Ole2) maintained their ability to induce
emigration to levels comparable to the parent FSL-1 ligand (Fig.
4A). When these ligands were used to stimulate murine macro-
phages, each ligand similarly activated NFκB and MAP kinase
signaling, indicating competence in stimulating the TLR2 sig-
naling axis (Fig. S3B). The small residual capacity of FSL1-Lin2
to initiate neutrophil recruitment remained dependent upon
TLR2 (Fig. S3C). To establish whether FSL1-Lin2 is able to
inhibit neutrophil recruitment in vivo, the exposed cremaster
muscle was superfused with MIP2 in the presence or absence of
FSL1-Lin2 for 1 h. In a manner that mimicked the inhibitory
capacity of LTA, the presence of FSL1-Lin2 inhibited the emi-
gration of cells into the tissue (Fig. 4B) in a TLR2-dependent
manner (Fig. S3D), a response that was not observed using the
proinflammatory FSL1-Lnn2 ligand (Fig. S3E). These data in-
dicate that imbedding linoleate within the FSL1-Lin2 ligand
imparted anti-inflammatory properties to this TLR2 ligand.
FSL1-Lin2 did retain a limited capacity to activate inflammatory
responses and recruit neutrophils, and thus did not fully mimic
the anti-inflammatory capacity of LTA.
Unlike LTA, FSL1-Lin2 retains a low level of neutrophil re-

cruitment when evaluated 4.5 h following intrascrotal injection
(Fig. 4A). The 1-h incubation period described above for the
inhibition of MIP2-induced neutrophil recruitment is not
enough time for the residual proinflammatory capacity of FSL-
Lin2 to be a complicating factor. Therefore, we evaluated the
inhibitory effect toward TNFα-induced neutrophil recruitment
at 4.5 h. Consistent with its residual proinflammatory capacity,
FSL1-Lin2 did not exhibit any inhibitory potential in wild-type
animals (Fig. 4C). Next, we determined whether removing the
residual proinflammatory capacity of this ligand would yield
a ligand with purely anti-inflammatory properties. To address
this possibility, MyD88−/− mice were used to negate the influ-
ence of the proinflammatory signaling capacity of FSL1-Lin2. In

the absence of MyD88, FSL1-Lin2 inhibited the TNFα-induced
neutrophil emigration (Fig. 4C). Therefore, in the absence of
the residual proinflammatory responses induced by this engi-
neered ligand, its inhibitory capacity is absolute. Taken together,
these data suggest that, in addition to the acyl chain mod-
ifications that yield an inhibitory TLR2 ligand, the structure of
LTA must impart additional inhibitory potential. In other words,
the structure of a TLR2 ligand must completely impede its
proinflammatory capacity to reveal a purely anti-inflammatory
TLR2 ligand.

Designing a Synthetic TLR2 Ligand with Purely Anti-Inflammatory
Properties: GM1-Targeted, Linoleate-Containing TLR2 Ligand (GML).
We next sought to abrogate the proinflammatory capacity of the
TLR2 anti-inflammatory ligand FSL1-Lin2. We previously
reported that LTA is not as potently proinflammatory as other
TLR2 ligands and that this may be due to differential cellular
internalization mechanisms between LTA and the other TLR2
ligands (16). Internalized LTA is targeted to the ER, golgi, and

Fig. 3. Acyl chain modifications to FSL1.

Fig. 4. Molecular modification of a proinflammatory TLR2 ligand to contain
linoleate yields a TLR2 ligand with diminished inflammatory potential and
inhibitory characteristics. Mice were evaluated using intravital microscopy
for the number of neutrophils emigrated into the cremaster tissue. (A) Mice
evaluated 4.5 h following intrascrotal injections of 150 μL of saline or saline
containing FSL1-Lin2, FSL1-Ole2, or FSL1-Lnn2 (all at 5 ng/g) in comparison
with the parent (R/S)FSL-1 ligands. (A) Mice evaluated during superfusion of
the exposed cremaster with buffer containing MIP2 (2.5 μM) or MIP2 (2.5
μM) + FSL1-Lin2 (200 ng/mL). (C) Wild-type mice or MyD88−/− mice evaluated
4.5 h following intrascrotal injections of 150 μL of saline or saline containing
FSL1-Lin2 (5 ng/g) and/or TNFα (20 ng/g) as indicated.
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endosomal compartments (27). Artificially retaining LTA on the
cell surface allows LTA to activate inflammatory responses much
more potently in vitro (27). Therefore, we sought to further re-
fine FSL1-Lin2 to mimic the internalization program of LTA in
an attempt to hamper its proinflammatory capacity. To accom-
plish this, we altered the peptide sequence of the lipopeptide to
a sequence that has been shown to bind the plasma membrane

ganglioside GM1 (28). This strategy would allow the TLR2 li-
gand to bind GM1 in addition to TLR2 and to mimic the in-
ternalization mechanisms of the GM1 ligand, cholera toxin,
which is also known to accumulate in the golgi (29). This so-
named, GM1-targeted, linoleate-containing TLR2 ligand (GML;
shown in Fig. 5A) was tested for the ability to inhibit neutrophil
recruitment. We found that GML mimics the TLR2-dependent,

Fig. 5. Engineering of the inhibitory TLR2 lipopeptide ligand - GM1-targeted, linoleate-containing TLR2 ligand (GML). (A) Schematic of GML. (B) Wild-type,
TLR2−/−, or MyD88−/− mice treated with an intrascrotal injection of 150 μL of saline alone or saline containing the indicated ligands (37.5 ng/g GML and/or 20 ng/
g TNFα) either alone or in combination, and evaluated 4.5 h later for the number of emigrated neutrophils in the cremaster tissue. (C and D) Male C57BL/6 mice
were given a dorsal s.c. inoculum of live luminescent E. coli in the presence or absence of GML. (C) Image of two examples of these mice (with and without
GML) taken at the time of inoculation and 4 h later. (D) Luminescence normalized to the detected luminescence at the time of inoculation, observed over 6 h.

Fig. 6. The inhibitory capacity of TLR2 ligands requires functional signaling through PPARγ. Mice were evaluated using intravital microscopy for the number
of neutrophils emigrated into the cremaster tissue following intrascrotal injections of 150 μL of saline alone or saline containing GW9662 (0.5 μg) or T0070907
(0.5 μg), as a 1.5 h pretreatment. (A) Followed by an intrascrotal injection of 150 μL of saline alone or saline containing LTA, GML, FSL1-Lin2, or FSL1-Lnn2
(each at 5 ng/g) for 4.5 h. (B) Followed by an intrascrotal injection of 150 μL of saline alone or saline containing TNFα (20 ng/g) or TNFα (20 ng/g) + LTA (5 ng/g)
for 4.5 h, (C) Followed by an intrascrotal injection of 150 μL of saline alone or saline containing TNFα (20 ng/g) or TNFα (20 ng/g) + GML (37.5 ng/g) for 4.5 h.
(D) Followed by the exteriorization of the cremaster and superfusion of MIP2 (5 μM) in the presence or absence of LTA (5 μg/mL) or GML (5 μg/mL) for 60 min.
(E) MPO−/− mice evaluated using intravital microscopy for the number of neutrophils emigrated into the cremaster tissue following intrascrotal injections of
150 μL of saline containing GML (37.5 ng/g), TNFα (20 ng/g), or TNFα + GML.
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MyD88-independent inhibitory capacity of the LTA preparations
(Fig. 5B). Similarly to LTA, GML was found to inhibit the
clearance of a s.c. inoculum of live E. coli (Figs. 5C and 4D), but
had no beneficial effect on bacterial growth in vitro (Fig. S4A).
GML was also found to inhibit the neutrophil recruitment
induced by MIP2 (Fig. 6D). When the internalization of FITC-
labeled FSL1 and GML ligands was evaluated in bone marrow-
derived macrophages, distinct localization patterns were
observed. GML accumulated in larger vesicles than the proin-
flammatory TLR2 ligand FSL1, and GML partially colocalized
with the golgi marker Giantin (Fig. S4B). FSL1 was found in
much smaller vesicles, which did not colocalize with Giantin.
TLR2 is involved in the internalization of both ligands: FSL1 was
substantially inhibited with regard to internalization in the ab-
sence of TLR2, and GML was no longer associated with the golgi
in the absence of TLR2 (Fig. S4B). The residual internalization
of GML in the absence of TLR2 may relate to its designed ca-
pacity to bind GM1. In sum, we have been able to define the
molecular requirements for a TLR2 ligand to be transformed into
an inhibitor of neutrophil recruitment and, in the process, we
have designed a synthetic anti-inflammatory TLR2 ligand: GML.

Inhibitory Activity of LTA and GML Requires Functional PPARγ.
Considering that the linoleate modification renders TLR2
ligands inhibitory, we suspected that in the in vivo proin-
flammatory microenvironment, linoleate-derived linoleic acid
could be modified in the presence of free radicals to form an
oxo- or nitro-derivative, and thereby form a ligand for PPARγ
(23). Thus, the possibility that functional PPARγ signaling is
involved in the inhibitory capacity of these ligands was examined.
When mice were pretreated with GW9662, a specific PPARγ
antagonist (30), LTA, GML, and FSL1-Lin2 induced signifi-
cantly more leukocyte recruitment than in the absence of PPARγ
inhibition (Fig. 6A). As expected in the case of LTA and GML,
the neutrophil emigration remained modest, however, in the
presence of GW9662, the emigration induced by FSL1-Lin2 was
comparable to that observed in response to the parent FSL-1
compound. Clearly, inhibiting the anti-inflammatory capacity of
these ligands by inhibiting PPARγ activation allows the proin-
flammatory nature of these ligands to dominate in vivo. In line
with these data, pretreatment with GW9662 or another PPARγ
antagonist, T0070907, abrogated the inhibitory effect of both
LTA and GML toward neutrophil recruitment induced by TNFα
and MIP2 (Fig. 6 B–D). In a complementary experiment, the
PPARγ agonist Rosiglitazone, when coadministered with MIP2,
inhibited neutrophil recruitment to the same degree as GML
(Fig. S5A), whereas the absence of TLR2 did not affect the ca-
pacity for PPARγ to become activated by Rosiglitazone (Fig.
S5B). Finally, considering that hydroxy- or oxo-linoleic acid
derivatives are the possible PPARγ ligands initiating this in-
hibitory effect and that the oxidation of linoleic acid in the
inflamed in vivo environment is likely to occur in the presence of
myeloperoxidase and H2O2 generated by a respiratory burst, we
assayed the inhibitory capacity of GML in a myeloperoxidase
knockout (MPO−/−) animal. Indeed, Zhang et al. (31) have
shown that even in the presence of reactive oxygen species, the
oxidation of lipids is reduced in the absence of myeloperoxidase.
We clearly demonstrated that the inhibitory capacity of GML is
eliminated in the MPO−/− animals (Fig. S5C).
Systemic administration of the proinflammatory TLR2 ligand

Pam3CSK4 has recently been shown to increase leukocyte traf-
ficking to the lymph nodes (32). In our model of acute in-
flammation, neutrophils are the predominate cell type recruited
into the tissue (Fig. S5D). Therefore, we evaluated the effect of
systemic administration of Pam3CSK4 on neutrophils and found
increased numbers of circulating blood neutrophils and in-
creased, albeit low, numbers of neutrophils in the lymph nodes
(Fig. S5 E and F). On the other hand, local administration of

Pam3CSK4 did not cause any changes in neutrophil numbers in
either the blood or the lymph nodes (Fig. S5 E and F), but did
result in significant neutrophil recruitment into the cremaster
tissue (Fig. S1F). Most importantly, neither systemic nor local
administration of GML altered neutrophil numbers in the blood
or lymph nodes (Fig. S5 E and F). Therefore, the functional
consequences of host recognition of inhibitory TLR2 ligands are
distinct from those of proinflammatory TLR2 ligands.

Discussion
Historically, TLRs have been described as sentinel receptors that
elicit proinflammatory responses when engaged by their cognate
ligands (2, 3). However, we describe a phenomenon where spe-
cific acylated TLR2 ligands inhibit the recruitment of neutrophils
into an inflamed tissue in vivo. This inhibitory effect requires
both TLR2 and the fatty acid and nuclear hormone receptor
PPARγ, and not the major TLR2 signaling adaptor, MyD88. Our
data suggest that this phenomenon requires the functional in-
volvement of PPARγ and that TLR2 may simply be required for
internalization of the ligand. With regard to the structural
requirements for a TLR2 ligand to have anti-inflammatory
properties, we found that modifications of the acyl chains and the
peptide sequence of a lipopeptide TLR2 ligand can yield a TLR2
ligand with purely anti-inflammatory properties. Moreover, we
show that the natural ligand, LTA, possesses these inhibitory
characteristics. The exact molecular structure and the modifi-
cation of the acyl chains required to derive a bona fide PPARγ
ligand remains to be determined.
We have provided no direct evidence that a MyD88-in-

dependent signaling pathway downstream of TLR2 is required
for the anti-inflammatory response, and thus TLR2 may serve to
mediate a specific means of endocytosis that facilitates the de-
livery of anti-inflammatory ligands to their intracellular target,
PPARγ. We suggest that the targeting of the lipopeptide GML
to GM1 alters its internalization in such a way as to mimic the
internalization pathway of LTA. This internalization follows an
alternative means of endocytosis from that observed with the
“classical” proinflammatory TLR2 ligands and effectively limits
their proinflammatory potential (16, 27). Distinct spatial re-
quirements for productive signaling is not a unique concept, and
is consistent with TLR4 signaling, where Mal/MyD88-driven
responses proceed from the plasma membrane, versus Tram/Trif
signaling, which originates from complexes forming at the
endosome (33). This model would imply that the different classes
of TLR2 ligands, pro- versus anti-inflammatory, use spatial and
temporal separation of TLR2 receptor complexes to illicit dis-
tinct intracellular responses.
Although GML precisely mimics the inhibitory capacity of the

LTA, linoleate may not be the inhibitory component within the
LTA. Ultimately, the acyl chains of any naturally produced TLR2
ligand would, in part, reflect the fatty acid constituents of the
bacterial membranes. Although bacteria typically synthesize only
monounsaturated fatty acids, the fatty acid composition of bac-
teria is markedly affected by the growth conditions (34). Un-
saturated fatty acids in the media would be incorporated into the
bacterial membranes and could then form part of the bacterial
lipoproteins (35, 36); thus, the microbial environment could
profoundly influence the production of any anti-inflammatory
TLR2 ligands. Nevertheless, it is clear that the inhibitory effect of
LTA depends on PPARγ activation, similar to the synthetic in-
hibitory TLR2 ligand, GML.
These data define a model where a subclass of TLR2 ligands

can be considered to have both pro- and anti-inflammatory
properties through the functional use of two receptors, namely
TLR2 and PPARγ. The preponderance for one biologic effect
over the other is related to the specific structural composition of
each TLR2 ligand. The data we present herein fundamentally
change our conceptual understanding of how bacterial-derived
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TLR2 ligands can influence neutrophil responses and as such
host–microbial interactions. We have provided a mechanistic
understanding of how this can occur through the synthesis of
a TLR2 ligand with purely anti-inflammatory properties. It is
possible that there may be other naturally occurring inhibitory
TLR2 ligands besides LTA, and that these ligands may pro-
foundly influence host–pathogen interactions as well as normal
interactions with the microbiome. Furthermore, the synthetic
ligand described herein, GML, may prove to have therapeutic
value in pathological settings where neutrophil recruitment is
associated with disease.

Materials and Methods
Mice/Reagents. C57BL/6 wild-type, TRIF-deficient, and MPO−/− (Jackson
Laboratory, Bar Harbor, ME), MyD88−/−, TLR2−/− (kindly provided by Shi-
zuo Akira, Osaka University, Japan), and LysMeGFP (by Thomas Graf,
Albert Einstein College of Medicine, Bronx, NY) chimeric mice were made
as described (37) and maintained the pathogen-free facility at the Uni-
versity of Calgary’s Animal Resource Center. Animal protocols were ap-
proved by the University of Calgary Animal Care Committee and met the
guidelines of the Canadian Council for Animal Care. Ultra-pure LTA
(InvivoGen) was kindly provided by Sonja Von Aulock (Konstanz, Ger-
many). All modified ligands as well as R-FSL1 and S-FSL1 were from EMC
Microcollections. Pam2CSK4 and Pam3CSK4 were from Invivogen, TNFα
and MIP2 were from R&D Systems, Rosiglitazone was from Cayman
Chemical, and T0070907 was from Tocris.

Intravital Microscopy. Intravital microscopy was performed on male mice as
described in ref. 16. Leukocyte emigration was defined as the number of
cells in the extravascular space within the field of view adjacent to the
observed venule.

Bacterial and Cell Culture. E. coli (WS2572 Weihenstephan Culture Collec-
tion) were cultured in vivo as described (38). Male mice were injected s.c.
with 50 μL or 5 × 105 CFU of a 1:1 bacterial/cytodex bead (with or without
LTA or GML) mixture between the scapula, centered on the spine. Bacterial
growth was monitored using imaging with Xenogen IVIS-200 imaging
system (Xenogen Imaging Technologies). Bone-marrow-derived macro-
phages were differentiated from 7- to 10-wk-old mice as described (16).
Raw264.7 cells were grown in RPMI 1640 media (GIBCO) supplemented
with 1 mM sodium pyruvate (GIBCO), 100 U/mL penicillin (GIBCO), 100 μg/
mL streptomycin (GIBCO), 50 μM 2-mercaptoethanol (Sigma), and 10%
(vol/vol) FBS (GIBCO).

SDS/PAGE and Western blotting. All Western blots were performed as de-
scribed in detail in ref. 16.

Statistical Analysis. All results are expressed as mean ± SEM (GraphPad Prism
5). A t test was applied for analysis between two groups, a one-way analysis
of variance with Bonferroni multiple comparisons adjustment was applied
for multiple comparisons between groups, and a two-way analysis of vari-
ance with Bonferroni post test was applied for time-course experiments,
(*P ≤ 0.05 **P ≤ 0.01 ***P ≤ 0.001). All results presented n ≥ 3.
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