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Many endogenous molecules, mostly proteins, purportedly activate
the Toll-like receptor 4 (TLR4)–myeloid differentiation factor-2 (MD-2)
complex, the innate immune receptor for lipopolysaccharide (LPS)
derived from gram-negative bacteria. However, there is no structural
evidence supporting direct TLR4–MD-2 activation by endogenous li-
gands. Sulfatides (3-O-sulfogalactosylceramides) are natural, abun-
dant sulfated glycolipids that have variously been shown to
initiate or suppress inflammatory responses. We show here that
short fatty acid (FA) chain sulfatides directly activate mouse TLR4–
MD-2 independent of CD14, trigger MyD88- and TRIF-dependent sig-
naling, and stimulate tumor necrosis factor α (TNFα) and type I in-
terferon (IFN) production in mouse macrophages. In contrast to the
agonist activity toward the mouse receptor, the tested sulfatides
antagonize TLR4–MD-2 activation by LPS in human macrophage-
like cells. The agonistic and antagonistic activities of sulfatides re-
quire the presence of the sulfate group and are inversely related
to the FA chain length. The crystal structure of mouse TLR4–MD-2
in complex with C16-sulfatide revealed that three C16-sulfatide mol-
ecules bound to the MD-2 hydrophobic pocket and induced an active
dimer conformation of the receptor complex similar to that induced
by LPS or lipid A. The three C16-sulfatide molecules partially mim-
icked the detailed interactions of lipid A to achieve receptor activa-
tion. Our results suggest that sulfatides may mediate sterile
inflammation or suppress LPS-stimulated inflammation, and that ad-
ditional endogenous negatively charged lipids with up to six lipid
chains of limited length might also bind to TLR4–MD-2 and activate
or inhibit this complex.
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The Toll-like receptors (TLRs) constitute a critical microbe-
sensing system in mammals, detecting components of viruses,

bacteria, fungi, and protozoa. TLRs are single-pass transmembrane
proteins located within the plasma or endosomal membranes of
innate immune cells, such as macrophages. They respond to ligand
engagement by forming signaling-competent homo- or heterodimers.
The three-dimensional structures of all known TLR extracellular
domains share a common horseshoe-shaped structure that contains
16 to 28 leucine-rich repeats, which are responsible for ligand rec-
ognition. Ligands display distinct modes of binding to each TLR, but
all induce dimerization by simultaneously interacting with the ecto-
domains of two different receptor chains, bringing the intracellular
TIR domains into proximity, thus permitting downstream signaling
(1). The active receptor dimers recruit adaptors that propagate sig-
nals ultimately leading to nuclear factor κB (NF-κB)– and/or inter-
feron regulatory factor–dependent transcription of hundreds of
genes. Important transcriptional targets include genes encoding
proinflammatory cytokines such as tumor necrosis factor α (TNFα),
interleukin-1β (IL-1β), and IL-6, as well as type I interferons (IFNs).
While essential for host defense, TLRs may also mediate sterile

inflammation and autoimmunity as a result of inappropriate

activation by endogenous molecules. For example, single-stranded
DNA of host origin can induce activation of TLR9 (2). Less certain
is the activation of receptor complexes containing TLR2 or TLR4
by endogenous molecules. Reported endogenous ligands for the
TLR2/1–, TLR2/6–, and TLR4–myeloid differentiation factor-2
(MD-2) complexes include proteins, polysaccharides and proteo-
glycans, phospholipids, and small organic molecules (3). Where
TLR4 is concerned, reported endogenous ligands include high-
mobility group box 1, heat shock proteins, peptides derived from
fibrinogen, and monosodium urate crystals (3). Oxidized phos-
pholipids (4) and triglycerides have additionally been named as
activators. In none of these cases have crystallographic data been
developed to support cell-based studies, and therefore it is difficult
to exclude the possibility that contaminating lipopolysaccharide
(LPS) might actually have been the activating principle [as has
been demonstrated for HSP60 (5)]. Moreover, it is also difficult to
exclude the possible scenario of indirect activation (6).
We previously identified artificially synthesized small organic

molecules with no structural resemblance to the classical bacterial
ligands Pam3CSK4 and LPS that act as TLR2/1 (diprovocim) (7)
and TLR4–MD-2 (neoseptins) (8) agonists, respectively. Seeking to
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determine whether endogenous molecules might indeed be TLR4–
MD-2 agonists as well, we investigated the interaction between the
TLR4–MD-2 complex and 3-O-sulfogalactosylceramides (hereafter
sulfatides), endogenous glycosphingolipids that display structural
similarity to lipid A, the toxic moiety of LPS recognized by
TLR4–MD-2.
Unlike lipid A molecules, sulfatides contain only two hydro-

phobic chains, as in the parent sphingolipid ceramide. One chain
is contributed by sphingosine, most commonly 18 carbon atoms
in length, with a single double bond (d18:1), hydroxyl, and a C2
amino group which is acylated by a fatty acid (FA) of variable
chain length, hydroxylation, and saturation. In mammalian cells,
ceramide is galactosylated by ceramide galactosyltransferase to
yield galactosylceramide. Finally, cerebroside sulfotransferase
(CST) yields a mature sulfatide molecule bearing a negatively
charged sulfate group at the 3-O position (Fig. 1A). Degradation
of sulfatide is carried out by the enzymatic activity of arylsulfa-
tase A (ASA), which requires saposin-B, a protein that extracts
sulfatide from the membrane (9).
Sulfatides are present in all eukaryotic cell membranes and are

particularly abundant in myelin sheaths of nerve fibers, in islet of
Langerhans pancreatic cells, and in kidney cells. They are also
present in mammalian plasma or serum (10–12). Several reports
have indicated that sulfatides play a role in autoimmunity or
inflammation, although conflicting data exist on whether they
promote or inhibit it. The accumulation of sulfatides due to ASA
deficiency leads to the lysosome storage disease metachromatic
leukodystrophy, characterized by progressive demyelination (9).
The levels of plasma sulfatides (C18:0 and C24:1) have been
reported to correlate with disease status in relapsing–remitting
multiple sclerosis (MS) (13), and sulfatide antibodies were de-
tected at elevated levels in cerebrospinal fluid of MS patients (10,
12, 14). Mice with acute experimental autoimmune encephalitis
(EAE) also produced elevated sulfatide antibodies (12). In con-
trast, others reported reduced disease severity of EAE in wild-type
mice treated with sulfatides (15, 16). Postmortem brain tissues
from Alzheimer’s disease patients revealed a dramatic reduction
in sulfatide levels, despite normal CST activity, thus suggesting
accelerated degradation (17). Sulfatides were reported to be re-
duced in patients and mouse models of type 2 diabetes (18).
Additionally, sulfatides are abundant in beta cells, and their ad-
ministration lowered the incidence of type 1 diabetes in nonobese
diabetic mice (19).
At the cellular level, high concentrations of brain-derived sulfa-

tides reportedly stimulated cytokine expression and secretion by
human monocytes, while galactosylceramides failed to do so (20).
Accordingly, C18:0 and C24:1 sulfatide isoforms, but not C16:0,
elevated nuclear p65 and p50 NF-κB levels in human THP-1
monocytes (21). In contrast, brain-derived sulfatides were shown to
prevent LPS-induced TNFα production and acute lethality in mice
and LPS-induced TNFα production in THP-1 cells (22). More re-
cently, synthetic C12-sulfatide was reported to strongly stimulate
TNFα and other proinflammatory cytokines through activation of
NF-κB and mitogen-activated protein (MAP) kinases in rat primary
microglia and astrocytes. These effects were independent of CD1d,
a known receptor for sulfatides, and were partially mediated by
L-selectin, which was shown to bind to sulfatide in leukocytes (23).
Data also point to C24-sulfatide activation of TLR4- and TLR2-
dependent signaling in human dendritic cells (24), while another
report provides evidence that long FA chain sulfatides block LPS-
stimulated localization of TLR4 within lipid rafts and activation of
NF-κB and MAP kinases in RAW264.7 macrophages, and prevent
LPS-induced acute lethality in mice (25). Thus, the role of sulfatides
in inflammation and specifically in TLR binding/activation remains
poorly defined.
We recognized that the lipid chains of three sulfatide molecules

could potentially mimic the interactions and volume of the six acyl
chains characteristically present in a single lipid A molecule; the

galactose moiety could mimic the interactions made by the glu-
cosamine units of lipid A; and the sulfate groups may mimic the
interactions made by the phosphates of lipid A (Fig. 1A). We
investigated the interactions between different subspecies of sul-
fatides and the TLR4–MD-2 complex using cellular, biophysical,
and structural techniques.

Results
Short FA Chain Sulfatides Are Agonists in Mouse Macrophages but
Antagonists in Human Macrophages.We stimulated primary mouse
peritoneal macrophages or a human macrophage cell line (phor-
bol 12-myristate 13-acetate [PMA]–differentiated THP-1 mono-
cytes) with lipid vesicle preparations (SI Appendix, Fig. S1) of C12-
sulfatide (d18:1/12:0), C16-sulfatide (d18:1/16:0), C18-sulfatide
(d18:1/18:0), porcine brain-derived sulfatides, or the nonsulfated
C16-sulfatide precursor C16-galactosylceramide, and measured
TNFα in the culture media after 4 h. LPS and lipid A served as
positive controls and standards for TNFα production. Both C12-
and C16-sulfatides strongly induced TNFα production by mouse
peritoneal macrophages with efficacies similar to that of smooth
LPS but much higher than that of lipid A, and approximate half-
maximal effective concentration (EC50) values of 7 and 17 μM, re-
spectively (Fig. 1B). Neither C18-sulfatide nor C16-galactosylceramide
(lacking the sulfate group) induced TNFα production by mouse
peritoneal macrophages. Porcine brain-derived sulfatides that
consist predominantly of C24-sulfatides induced extremely low
TNFα concentrations (∼80 pg/mL) at the highest concentration
tested (100 μM) (SI Appendix, Fig. S2A). Moreover, C18-sulfatide
and porcine brain-derived sulfatides were also unable to inhibit
TNFα secretion by mouse peritoneal macrophages stimulated by
lipid A (10 ng/mL) (SI Appendix, Fig. S2A). Consistently, C12-
sulfatide strongly stimulated TNFα secretion by mouse RAW264.7
macrophages with an EC50 of 11 μM, while the nonsulfated precursor
C12-galactosylceramide was completely inactive (SI Appendix, Fig.
S2B). These results suggest that short, but not long, FA chain sulfa-
tides are agonists for TNFα production in mice and that the nega-
tively charged sulfate group is required for their agonistic activity.
As distinct from mouse peritoneal macrophages, human

macrophage-like THP-1 cells responded only to the high concentra-
tions of C12-sulfatide with production of very low levels of TNFα
(Fig. 1C). However, all sulfatides tested and C16-galactosylceramide
exhibited dose-dependent antagonistic activity toward lipid A–

induced TNFα production in THP-1 cells (Fig. 1D). C12-, C16-,
and C18-sulfatides fully inhibited TNFα secretion from lipid A–

stimulated (5 ng/mL) THP-1 cells at concentrations equal to or
greater than 12.5, 50, and 50 μM, respectively. Compared with
C16-sulfatide, its precursor C16-galactosylceramide showed weak
antagonistic activity toward lipid A at all concentrations tested.
Interestingly, C16-sulfatide could inhibit lipid A activity better
than C12-sulfatide at concentrations lower than about 10 μM.
C18-sulfatide is a less potent antagonist of lipid A activity than
C12- and C16-sulfatides. Porcine brain sulfatides could only par-
tially inhibit TNFα secretion even at high concentrations, exhib-
iting about 21 and 57% inhibition at 50 and 100 μM, respectively.
Notably, inhibition of TNFα secretion by C16-sulfatide was in-
versely correlated with LPS concentration, suggesting competitive
inhibition (SI Appendix, Fig. S2C). These data suggest that short
FA chain sulfatides compete better than long FA chain sulfatides
with lipid A for binding to its receptor TLR4–MD-2, and that a
sulfate group is important for this function.

Short FA Chain Sulfatide Activity Is Dependent on TLR4–MD-2 and
Largely Independent of CD14. We analyzed TNFα production in-
duced by sulfatide treatment of peritoneal macrophages isolated
from wild-type C57BL/6J mice and mice deficient in TLR4
(Tlr4lps3/lps3) or TLR2 (Tlr2−/−), which also recognizes lipid mole-
cules. Both LPS and C12-sulfatide induced TNFα production by
wild-type or TLR2-deficient macrophages but not by TLR4-deficient
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macrophages, indicating that TLR4, but not TLR2, is necessary for
the agonistic activity of C12-sulfatide (Fig. 2A). To address the re-
quirement for MD-2 in the response to sulfatides, we used SW620
cells to ectopically express either TLR4 or MD-2 or both proteins.
Only expression of both TLR4 and MD-2 enabled strong NF-κB
reporter activation by either C12-sulfatide or LPS. Expression of
TLR4 alone resulted in low but statistically significant activation by
either C12-sulfatide or LPS, probably reflecting low endogenous
MD-2 expression in the SW620 cells, whereas expression of MD-2
alone did not permit activation by either agonist (Fig. 2B). These
results imply that both TLR4 and MD-2 are required for signaling
leading to TNFα production induced by short FA chain sulfatides.
CD14 acts as a coreceptor with TLR4–MD-2 for detection of

LPS. CD14 was proposed to bind to the acyl chains of LPS
through hydrophobic interactions and deliver the bound LPS to
TLR4–MD-2 (26, 27). It is required for TLR4 signaling acti-
vated by highly glycosylated LPS (smooth LPS) but not for

nonglycosylated LPS-like molecules such as lipid A, nor for the
non-LPS synthetic agonist neoseptin-3 (8). We found that peri-
toneal macrophages from CD14-deficient mice (Cd14hdl/hdl)
displayed TNFα responses similar to wild-type macrophages at
the highest tested concentrations of C12-sulfatide and lipid A but
moderately decreased responses to these stimuli at lower con-
centrations (SI Appendix, Fig. S3). Compared with wild-type
macrophages, CD14 deficiency resulted in moderately decreased
TNFα responses to C16-sulfatide at all concentrations for which a
response was detected (SI Appendix, Fig. S3A). In contrast, defi-
ciency of CD14 significantly decreased the response to higher
concentrations (100 and 10 ng/mL) of smooth LPS and abolished
the response to the lower concentration (1 ng/mL) (SI Appendix,
Fig. S3B). These results suggest that the agonistic activity of short
FA chain sulfatides in mouse peritoneal macrophages is largely
CD14-independent, consistent with an assisting but not required
role for CD14 in detection of non-LPS ligands.
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Fig. 1. TNFα production by macrophages stimulated with sulfatides. (A) Chemical structures of lipid A and C16-sulfatide. (B and C) TNFα in the culture media
of mouse peritoneal macrophages (B) and PMA-differentiated human THP-1 cells (C) after treatment with sulfatides, C16-galactosylceramide, smooth LPS, or
lipid A for 4 h; n = 3. *P < 0.05, **P < 0.01 (two-way ANOVA followed by Dunnett’s posttest for comparison with the vehicle [water]-treated condition). (D)
TNFα in the culture media of PMA-differentiated human THP-1 cells pretreated with sulfatides, C16-galactosylceramide, or vehicle (water) for 1 h, followed by
addition of 5 ng/mL lipid A for another 4 h; n = 3. All data (mean ± SEM) are representative of at least two independent experiments.
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C12-Sulfatide Activates Both MyD88- and TRIF-Dependent Signaling.
NF-κB–dependent transcription in response to TLR4 agonists is
activated via signaling mediated by the two adaptor proteins MyD88
and TRIF. To determine whether sulfatide employs either or both
adaptors, we examined whether exposure of mouse macrophages to
C12-sulfatide stimulates 1) TLR4-dependent NF-κB transcriptional
activity; 2) rapid MyD88-dependent phosphorylation of the MAP
kinases ERK1/2, p38, and JNK1/2 (28); and 3) TRIF-dependent
expression and secretion of IFNs (29, 30). Treatment of mouse
RAW264.7 macrophages with either C12-sulfatide or LPS for 4 h
strongly stimulated NF-κB reporter activity (Fig. 3A) and TNFα
secretion (SI Appendix, Fig. S4A). TAK-242, a selective TLR4 in-
hibitor that targets its intracellular domain, thereby blocking recruit-
ment of MyD88 and TRIF, abolished both responses (Fig. 3A and
SI Appendix, Fig. S4A). Treatment of bone marrow–derived
macrophages (BMDMs) with C12-sulfatide (10 μM, ∼EC50) for

30 min increased the phosphorylation of ERK1/2, p38, and JNK1/
2 by 16-, 10-, and 8-fold, respectively, compared with resting cells
(Fig. 3B and SI Appendix, Fig. S4 B–D). LPS used at a concentra-
tion (6.5 ng/mL) slightly below its EC50 (9.5 ng/mL) was similarly
effective in inducing ERK1/2 phosphorylation, and less effective
than C12-sulfatide in inducing p38 phosphorylation (Fig. 3B and SI
Appendix, Fig. S4 B and C). A significantly higher concentration of
LPS (100 ng/mL) was required to stimulate JNK1/2 phosphoryla-
tion, consistent with earlier reports (31) (Fig. 3B and SI Appendix,
Fig. S4D). C12-sulfatide and LPS were similarly efficient in induc-
tion of type I IFN activity in the BMDM conditioned medium
(Fig. 3C). Poly(I:C), which signals exclusively via TRIF, was, as
expected, more efficient in inducing type I IFN than in inducing
TNFα (Fig. 3 C and D). The similarity between the responses to
C12-sulfatide and LPS in these assays suggests that like LPS, C12-
sulfatide activates both MyD88- and TRIF-dependent signaling.
To directly evaluate the importance of the MyD88 and TRIF

adaptor proteins for TNFα induction by sulfatide, we employed
BMDMs from mice deficient in either TLR4, MyD88, or TRIF,
and treated them with C12-sulfatide, LPS, Pam2CKS4, or
poly(I:C) for 24 h. The TNFα response to LPS was impaired in
BMDMs from all knockout (KO) mice, whereas the response to
the TLR2/6 agonist Pam2CSK4 was impaired only in the absence
of MyD88, and the response to the TLR3 agonist poly(I:C) was
impaired only in the absence of TRIF (Fig. 3D). TNFα production
in response to C12-sulfatide was qualitatively similar to the re-
sponse to LPS; the TNFα response was fully abolished in BMDMs
from TLR4-KO mice, and significantly reduced in BMDMs from
MyD88-KO and TRIF-KO mice. Taken together, these results
suggest that C12-sulfatide stimulates proinflammatory signaling in
macrophages directly via TLR4 and its adaptor proteins MyD88
and TRIF.

Sulfatides Directly Interact with Mouse TLR4–MD-2 and the FA Chain
Length Is Important for Dimerizing TLR4–MD-2 for Activation. To
establish whether sulfatides and TLR4–MD-2 physically interact,
we analyzed the formation of TLR4–MD-2–sulfatide complexes
containing purified ectodomains of mouse (m) TLR4–MD-2 using
a native polyacrylamide-gel electrophoresis (PAGE) mobility-shift
assay (Fig. 4A and SI Appendix, Fig. S5). This assay separates
proteins based on differences in both protein size and charge.
Lipid A served as a control and was compared with sulfatides in
their abilities to bind and induce dimerization of mTLR4–MD-2.
Unliganded (apo) mTLR–MD-2 existed in solution as a monomer
(32), appearing as a doublet likely due to differential glycosylation
of MD-2 (Fig. 4A, lane 1). mTLR4–MD-2 was partially dimerized
in solution when directly mixed with lipid A, resulting in a dimer
band (upper) and a monomer band (lower) following PAGE
(Fig. 4A, lane 2). Compared with unliganded (apo) mTLR4–MD-
2 (Fig. 4A, lane 1), the dimeric mTLR4–MD-2–lipid A complex
migrated slower due to its larger size. The monomeric mTLR4–MD-
2–lipid A complex migrated faster than apo mTLR4–MD-2 (Fig. 4A,
lanes 1 and 2), likely due to the presence of two negatively charged
phosphate groups from lipid A in the monomer complex.
C12-sulfatide binding resulted in dimerization of the majority

of mTLR4–MD-2 in the sample (Fig. 4A, lane 3), as reflected by
the slower migration compared with apo mTLR4–MD-2
(Fig. 4A, lane 1). C16-sulfatide induced dimerization of a small
fraction of mTLR4–MD-2 (Fig. 4A, lane 4). C18-sulfatide, C16-
galactosylceramide, and porcine brain-derived sulfatides did not
induce dimerization of mTLR4–MD-2 (Fig. 4A, lanes 5, 6, and 8).
Yet, C16-, C18-, and porcine brain-derived sulfatides (Fig. 4A,
lanes 4, 5, and 8 and SI Appendix, Fig. S5) all induced a very small
downward shift of the top thick band of monomeric mTLR4–MD-
2–sulfatide relative to apo mTLR4–MD-2 (Fig. 4A, lanes 1, 7, and
9 and SI Appendix, Fig. S5), indicating formation of some
mTLR4–MD-2–sulfatide monomers with these sulfatide spe-
cies. This downward shift was consistently small even when high
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normalized against renilla luciferase activity and against activity in cells
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concentrations of protein and lipid vesicles were used. In ad-
dition, the downshift of the mTLR4–MD-2–sulfatide monomer
band was much smaller than that of the mTLR4–MD-2–lipid A
monomer band, suggesting that fewer than three sulfatides
were bound in each mTLR4–MD-2–sulfatide monomer (a −3
charge expected for three bound sulfatides should result in a
similar downshift as a −4 charge of lipid A at the experimental
pH of 8.3, but did not). These data indicate that C12-, C16-,
C18-, and porcine brain-derived sulfatides directly bind to
mTLR4–MD-2 and suggest that sulfatides with shorter FA
chains were able to induce mTLR4–MD-2 dimerization better
than longer FA chain sulfatides, consistent with the TNFα re-
sponses of mouse peritoneal macrophages to sulfatides with
different FA chain lengths (Fig. 1B).

Three C16-Sulfatide Molecules Bind to the Hydrophobic Pocket of MD-2
and Induce Agonistic Dimerization of Two mTLR4–MD-2 Complexes.
Because natural sulfatides in mice and humans contain FA chains
with at least 14 carbons and C16-sulfatides are far more abundant
than C14-sulfatides (33), we used C16-sulfatide for structural
studies with mTLR4–MD-2. We determined the crystal structure of
the ectodomain of the mTLR4–MD-2 heterodimer in complex with
C16-sulfatide at 2.1-Å resolution (SI Appendix, Table S1). C16-
sulfatide induced formation of an “m”-shaped dimer of the
mTLR4–MD-2 heterodimers (Fig. 4B) similar to that observed in
the previously reported structures of TLR4–MD-2 bound to ago-
nists such as LPS, lipid A, and neoseptin-3 (8, 34). The overall
conformations of the mTLR4–MD-2–C16-sulfatide dimer and the
TLR4–MD-2–lipid A dimer (Protein Data Bank [PDB] ID code
5IJD) were similar, with rmsd’s of about 1.5 Å between the atoms
of the two structures (SI Appendix, Fig. S6A). By convention, in all
structure depictions, we use an asterisk to label mTLR4 and
mMD-2 in the second mTLR4–MD-2 heterodimer of the active
receptor complex.
The Phe126 loop of mMD-2 is near the bound ligand and at the

dimerization interface of the two mTLR4–MD-2 heterodimers
(Fig. 4B) and has been shown to change conformation upon lipid
A binding to the receptor complex (8) (Fig. 4C). We observed that
C16-sulfatide bound to the mMD-2 hydrophobic pocket and

induced a local conformational change in the Phe126 loop similar
to that induced by lipid A (Fig. 4 B and C). This conformational
change was also observed in other agonist-bound TLR4–MD-2
structures including LPS-, lipid IVa–, and neoseptin-3–bound
mTLR4–MD-2 structures and the LPS-bound human TLR4–
MD-2 structure (8, 32, 34) but not in antagonist-bound TLR4–
MD-2 structures such as lipid IVa– or eritoran-bound human
TLR4–MD-2 structures (35, 36). Thus, a conformational signature
of TLR4–MD-2 activation was observed upon C16-sulfatide
binding to the mouse receptor.
The electron density map revealed that six lipid chains

(Fig. 4D), corresponding to three C16-sulfatide molecules, oc-
cupied the hydrophobic pocket of mMD-2 in each mTLR4–MD-
2 heterodimer of the m-shaped dimer. The densities for the lipid
chains inside the mMD-2 hydrophobic pocket were not as clearly
defined as the densities for the polypeptide chains, likely due in
large part to the flexibility of the lipid chains as well as to het-
erogeneity in the number of C16-sulfatide molecules bound to
each MD-2 pocket, with at most three molecules bound per
pocket. The heterogeneity in the number of C16-sulfatide mol-
ecules bound may also explain the very small downshift of mo-
nomeric mTLR4–MD-2–C16-sulfatide relative to monomeric
apo mTLR4–MD-2 in the native PAGE (Fig. 4A, lane 4 vs. lane
1). After refinement, the overall configurations of the six lipid
chains inside the mMD-2 hydrophobic pocket were well-resolved
(Fig. 4D). However, the other parts of the C16-sulfatide mole-
cules, including the hydroxyl and amide groups of the ceramide
moiety, the galactose moiety, and the sulfate group, all of which
were outside the mMD-2 pocket, had poorly defined electron
densities, likely due to the flexibilities of these groups in the
structure, and we were unable to determine their conformations
(Fig. 4D). Partial densities from the hydroxyl and amide groups
of the ceramide moiety from one of the three C16-sulfatide
molecules allowed us to decide which two lipid chains were
connected in each of the three C16-sulfatide molecules. Overall,
the dimeric mTLR4–MD-2–C16-sulfatide complex was highly
similar in structure to other ligand-induced active TLR4–MD-2
complexes.
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TRIF-dependent signaling. (A) NF-κB–dependent lu-
ciferase activity in RAW264.7 macrophages pre-
incubated for 2 h with or without TAK-242 (0.1 μM),
and then stimulated with vehicle control or EC50

value concentrations of C12-sulfatide (11 μM) or
rough LPS (9.5 ng/mL) for 4 h; n = 3. Luciferase data
were normalized against renilla luciferase activity
and against the data measured in control cells
(treated with 0.2% DMSO). ****P < 0.0001 (multiple
t test). (B) Immunoblot analysis of phosphorylated (p)
ERK1/2, p38, and JNK in lysates of mouse BMDMs
after treatment with C12-sulfatide (10 μM) or rough
LPS (6.5 ng/mL for ERK1/2 and p38 phosphorylation;
100 ng/mL for JNK1/2 phosphorylation) for 30 min.
(C) BMDMs were treated with rough LPS (6.5 ng/mL),
C12-sulfatide (10 μM), or poly(I:C) (10 μg/mL) for 24 h;
n = 3. Type I IFN reporter activity in L929-ISRE cells
stimulated for 4 h with conditioned BMDM culture
media. **P < 0.01, ****P < 0.0001 (Student’s t test).
(D) TNFα in the culture media of WT (B6), Tlr4−/−,
Myd88−/−, and Trif−/− BMDMs after treatment with
C12-sulfatide (10 μM), rough LPS (6.5 ng/mL),
Pam2CSK4 (1 ng/mL), or poly(I:C) (10 μg/mL) for 24 h;
n = 3. ***P < 0.001, ****P < 0.0001 (multiple t test).
Data (mean ± SEM) are representative of at least
three independent experiments.
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The C16-Sulfatide Binding Site in mTLR4–MD-2. To define the overall
conformations of the three C16-sulfatide molecules, we performed
molecular dynamics (MD) simulation studies using the crystal
structure of the mTLR4–MD-2–C16-sulfatide complex. The overall
MM-PBSA-WSAS (molecular mechanics–Poisson–Boltzmann sur-
face area–weighted solvent-accessible surface area) binding free
energy (35, 37) calculated for the dimeric mTLR4–MD-2 in com-
plex with six C16-sulfatides (three C16-sulfatides in each mono-
meric mTLR4–MD-2) was −147.7 kcal/mol, which suggested potent
interactions between the three C16-sulfatides and each mTLR4–
MD-2. The representative MD structure had a main-chain rmsd of
0.89 Å to the average MD structure obtained by averaging 25,000
MD snapshots, and an rmsd of 1.64 Å to the crystal structure
(SI Appendix, Fig. S6B).
The three C16-sulfatide molecules in the representative MD

structure, designated SUL-A, SUL-B, and SUL-C, adopted dif-
ferent conformations and interacted with different regions of
mTLR4–MD-2 and mTLR4* (Fig. 5 A and B). The sphingosine
chain (S1) of SUL-A and the four lipid chains of SUL-B and
SUL-C were buried and formed hydrophobic contacts with many
residues of mMD-2 (Fig. 5B and SI Appendix, Table S2). The
SUL-A FA chain (S2) was located at the interface between mMD-2
and mTLR4* and interacted with hydrophobic residues of mTLR4*,
such as Phe438, to facilitate dimerization of mTLR4–MD-2. At the
dimerization interface, four hydrogen bonds were observed between
C16-sulfatides and mTLR4* (Fig. 5B and Table 1), including two
between the sulfate group of SUL-B and the backbone amine and
carbonyl groups of Ser386, one between the carbonyl group of the

SUL-B S2 chain and the side chain of Ser413, and one between
the oxygen atom of the pyranose ring of the galactose moiety of
SUL-A and the side chain of Arg434. In addition, two hydrogen
bonds formed between the backbone amine and carbonyl groups of
mMD-2 Leu125 and the side chain of mTLR4* Asn415 (Fig. 5B);
these two hydrogen bonds are also observed in the crystal struc-
tures of all active TLR4–MD-2 dimers (8, 32, 34). Several hydro-
gen bonds were also observed between the C16-sulfatides and
mTLR4 and mMD-2 (Fig. 5B and Table 1). In particular, mMD-2
Arg90 formed two hydrogen bonds with the carbonyl group of the
SUL-A S2 chain and was located at the dimerization interface.
We performed site-directed mutagenesis of mTLR4 and

mMD-2 to confirm the key interactions involved in receptor di-
merization and the interactions between C16-sulfatides and the
receptor complex predicted by MD simulation studies. Nineteen
residues with binding energy equal to or better than −4.0 kcal/mol
were mutated to alanine (SI Appendix, Fig. S7 A and B and Table
S2). mTLR4* Asn415 formed hydrogen-bonding interactions with
mMD-2 Leu125 at the dimerization interface and these two resi-
dues were also mutated to alanine. Mutant proteins with expression
levels similar to the wild-type protein (9 of 10 mTLR4 mutants and
10 of 11 mMD-2 mutants) were tested for their ability to activate
NF-κB–dependent luciferase reporter activity in HEK293T cells
stimulated with C16-sulfatide, C12-sulfatide, or lipid A (Fig. 5 C–
E). The responses of cells expressing mutant proteins were com-
pared to identify residues involved in protein–protein or protein–
ligand interactions induced by each ligand. C12-sulfatide was
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Fig. 4. C16-sulfatide binds directly to mTLR4–MD-2 and induces an active dimer structure. (A) Native PAGE analysis of mTLR4–MD-2 alone (50 μM) and in the
presence of lipid A (300 μM), sulfatides (1 mM), or C16-galactosylceramide (1 mM). A superimposed densitometric profile of the gel lanes is included in SI
Appendix, Fig. S4 to better illustrate the small downward shift of the monomer band caused by C16-, C18-, or brain-derived sulfatide binding compared with
the monomer band of apo mTLR4–MD-2. (B) Orthogonal views of the overall crystal structure of mTLR4–MD-2–C16-sulfatide. (C) Superposition of mMD-2
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compared with C16-sulfatide to reveal the effects of the FA chain
length on interactions with mTLR4–MD-2.
Interactions at the dimerization interface and interactions between
ligands and mTLR4–mMD-2. Mutating the residues located at the di-
merization interface and in the mMD-2 Phe126 loop region resul-
ted in similar effects on NF-κB–dependent luciferase reporter
activation in response to C16- and C12-sulfatides and lipid A
(Fig. 5 C–E). In particular, mutations of mMD-2 Arg90 and

mTLR4* Asn415 and Phe438, and all mutations in the mMD-2
Phe126 loop region, severely reduced the responsiveness to all
stimuli. The mTLR4* Arg434Ala mutation reduced the respon-
siveness to C16-sulfatide, C12-sulfatide, and lipid A by about 80, 45,
and 55%, respectively, suggesting a nonessential supporting func-
tion for Arg434 in dimerization and activation of mTLR4–MD-2
induced by all three stimuli. Mutating most residues from mTLR4
and mMD-2 that formed hydrogen bonds with the C16-sulfatides,
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including Lys263, Gln339, Lys341, and mMD-2 Ser120, did not
significantly affect the activity of any stimulus (Fig. 5 C–E).
However, mutation of Arg380, which interacted with the sulfate
group of SUL-A (Fig. 5B), dramatically decreased the activity of
C16-sulfatide (Fig. 5C) but not C12-sulfatide or lipid A, con-
firming the conformation of this sulfate group determined by MD
simulation.
Interactions between ligands and the mMD-2 hydrophobic pocket. Mu-
tations of the residues located inside the mMD-2 hydrophobic
pocket showed different effects on NF-κB–dependent luciferase
reporter activation in response to C16- and C12-sulfatides and
lipid A (Fig. 5 C–E). In particular, mutations of Phe76, Leu94, and
Phe119 abolished the responsiveness to C16-sulfatide (Fig. 5C),
and reduced the responsiveness to C12-sulfatide by about 23, 35,
and 82% (Fig. 5D), respectively, whereas only Phe119Ala reduced
the responsiveness to lipid A by about 58% (Fig. 5E). These data
showed that the activity of C12-sulfatide was less affected by these
mutations than the activity of C16-sulfatide, likely reflecting that
C12-sulfatide bound to the mMD-2 hydrophobic pocket with
higher affinity than C16-sulfatide. This hypothesis is consistent
with the higher potency of C12-sulfatide in inducing TNFα in
mouse macrophages (Fig. 1B) and in inducing mTLR4–MD-2
dimerization in vitro (Fig. 4A).
Overall, of 17 tested residues with binding energy equal to or

better than −4.0 kcal/mol, 10 resulted in diminished C16-
sulfatide–induced NF-κB reporter activity when mutated to ala-
nine. These data support the MD simulation structure of the
mTLR4–MD-2–C16-sulfatide complex. As expected, fewer of the
tested mutations altered reporter activity induced by lipid A (7/17)
or C12-sulfatide (9/17) compared with the number that altered
activity induced by C16-sulfatide; this is likely because identified
hotspot residues (SI Appendix, Table S2) were specific to the C16-
sulfatide–bound receptor complex.

Short FA Chain Sulfatides Activate mTLR4–MD-2 through a Slightly
Different Structural Mechanism from That of Lipid A. Comparison
of the bound C16-sulfatides and lipid A revealed that the lipid
chains of the three C16-sulfatides and lipid A overlapped well
(Fig. 5F). S1 chains of SUL-A, SUL-B, and SUL-C overlapped
with the R2′′, R2′, and R3′ chains of lipid A, respectively. S2
chains of SUL-A, SUL-B, and SUL-C overlapped with the R2,
R3, and R3′′ chains of lipid A, respectively. On the other hand,
the galactose moiety and sulfate groups adopted different con-
formations and made contacts with mTLR4–MD-2 distinct from
those of the phosphoglucosamine groups of lipid A (Fig. 5 B, F,
and G).
The lipid chains of C16-sulfatide (one 18-carbon chain and one

16-carbon chain) are longer than those of lipid A (five 14-carbon
chains and one 12-carbon chain). As a result, the galactose moi-
eties and sulfate groups of C16-sulfatides protruded out of the

mMD-2 hydrophobic pocket farther than the phosphoglucos-
amine groups of lipid A (SI Appendix, Fig. S8A). The sulfate group
of SUL-B formed hydrogen bonds with the backbone atoms of
mTLR4* Ser386; these bonds were not present in the mTLR4–MD-
2–lipid A structure (Fig. 5 B and G). At the entrance of the MD-2
hydrophobic pocket next to the Phe126 loop, five hydrogen bonds
were observed between mMD-2 residues, including Ser120, Glu122,
and Gly123, and the glucosamine moiety, and the hydroxyl, amine,
and carbonyl groups from the lipid chains of lipid A. These inter-
actions pulled the phosphoglucosamine groups of lipid A toward one
side of the MD-2 pocket and likely stabilized the conformation of
these groups (SI Appendix, Fig. S8B). However, only one hydrogen
bond in this region was observed between the backbone atoms of
mMD-2 Ser120 and the hydroxyl group of the S1 chain of SUL-C (SI
Appendix, Fig. S8C). Unlike lipid A, the galactose moiety and sulfate
groups of SUL-A, SUL-B, and SUL-C occupied most of the space
above the MD-2 pocket (Fig. 5H). Several other hydrogen bonds
were observed between these groups, mTLR4, and mMD-2 and
were not present in the mTLR4–MD-2–lipid A structure (Fig. 5 B
and G and Table 1). The sulfate group of SUL-A made an addi-
tional contact, not present in the mTLR4–MD-2–lipid A structure,
with the side chain of mTLR4 Arg380 (Fig. 5 B, G, and H). This
interaction was key for the activity of C16-sulfatide but not for lipid
A or C12-sulfatide.
The dimerization interface contains similar interactions in the

mTLR4–MD-2–C16-sulfatide and mTLR4–MD-2–lipid A struc-
tures. These include hydrophobic interactions between mTLR4*
and the R2 chain of lipid A or S2 chain of SUL-A, and hydrogen
bonding between mTLR4* and the R2-OH and 1-PO4 of lipid A
or S2-carbonyl and sulfate groups of SUL-B (Fig. 5 B and G).
Overall, three molecules of C16-sulfatide bound together to the
mMD-2 hydrophobic pocket and partially mimicked the interac-
tions and activation mechanism of lipid A to induce an active
2:2 mTLR4–MD-2 dimer conformation very similar to that in-
duced by other agonists, such as lipid A and neoseptin-3.

Residues Involved in Species Specificity for Sulfatides. Of the resi-
dues that were important for the activity of C12- and C16-sulfatides
(Fig. 5 C and E) and the hotspot residues that showed ligand
binding energy close to −4 kcal/mol (SI Appendix, Table S2),
Arg434 and Lys367 are not conserved between mouse and human
TLR4. These two residues are located at the dimerization interface;
Lys367 is located near the sulfate group of SUL-B, while Arg434
interacts with the galactose moiety of SUL-A (Fig. 5B). To test
whether these two residues play important roles in the species-
specific agonistic activity of C12- and C16-sulfatides, mouse TLR4
Arg434 and Lys367 were mutated to their human counterparts,
Gln436 and Glu369, respectively, and the human residues were
mutated to their respective mouse residues (SI Appendix, Fig. S7 C
andD). We tested the responsiveness of these mutants to C16-sulfatide,

Table 1. Summary of the hydrogen bonds between C16-sulfatide and mTLR4, mMD-2, and
mTLR4* from the MD representative structure

C16-sulfatide molecule-chain C16-sulfatide group Protein chain Residue Residue group

A Galactose moiety mTLR4* Arg434 Side chain
B-S2 chain Carbonyl mTLR4* Ser413 Side chain
B Sulfate mTLR4* Ser386 Amide NH
B Sulfate mTLR4* Ser386 Amide carbonyl
A Sulfate mTLR4 Arg380 Side chain
B Sulfate mTLR4 Lys341 Side chain
C-S2 chain Carbonyl mTLR4 Lys263 Side chain
C Galactose moiety mTLR4 Gln339 Side chain
A-S2 chain Carbonyl mMD-2 Arg90 Side chain
A-S1 chain Hydroxyl mMD-2 Glu92 Side chain
C-S1 chain Hydroxyl mMD-2 Ser120 Amide NH

The key hydrogen-bonding interactions were confirmed with mutagenesis experiments.
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lipid A, and C12-sulfatide in HEK293T cells that stably expressed
an NF-κB–driven luciferase reporter.
mTLR4 Lys367Glu and Arg434Gln mutations significantly

reduced the NF-κB reporter activity stimulated by C12- and C16-
sulfatides, and slightly decreased the activity induced by lipid A
(Fig. 6 A and B). Double mutation of these two residues further
reduced the agonistic activities of the sulfatides (Fig. 6 A and B).
Single or double mutations of these two residues in human TLR4,
Glu369Lys, Gln436Arg, or Glu369Lys/Gln436Arg, slightly en-
hanced responsiveness to LPS but did not confer responsiveness to
C16-sulfatide. Strikingly, Glu369Lys and Gln436Arg mutations
conferred responsiveness to C12-sulfatide (50 to 75% of the wild-
type response induced by LPS), whereas C12-sulfatide had shown
only weak agonistic activity when applied to human cells endog-
enously expressing wild-type human (h) TLR4 (5 to 10% of the
response induced by lipid A; Fig. 1C). Moreover, hTLR4 carrying
the double mutation Glu369Lys/Gln436Arg became as responsive
to C12-sulfatide as to LPS. These results suggest that Lys367 and
Arg434 are important for the species specificity of C12-sulfatide,
possibly because they enhance the electrostatic potential at the
dimerization interface and facilitate the interaction between C12-
sulfatide and TLR4* for dimerization and activation.

Discussion
Our structural data revealed that three molecules of C16-sulfatide
bound to the mMD-2 hydrophobic pocket in each mTLR4–MD-2
heterodimer, resulting in dimerization and activation of the het-
erodimer via interactions and conformational changes partially
mimicking those induced by lipid A. Compared with lipid A, the
C16-sulfatides protrude farther out of the MD-2 pocket, probably
due to their longer lipid chains (18/16 vs. 14/12). No interactions
were observed between those groups of the three C16-sulfatides
positioned outside the MD-2 pocket. This lack of interaction and
costabilization could contribute to their flexibilities, the hetero-
geneity in the number of C16-sulfatides simultaneously bound to
each MD-2, and the heterogeneity in the quality of the electron
densities of each C16-sulfatide observed in the crystal structure.
The reduced potency of C16-sulfatides compared with lipid A in

activating mouse TLR4–MD-2 may be a result of a lower binding
affinity, the necessity for three molecules (rather than one) to bind
simultaneously, and greater flexibility of C16-sulfatide molecules
relative to lipid A in the MD-2–binding pocket. Our biological,
in vitro biochemical, and structural data suggest that other lipids
containing up to six acyl chains of a certain length and a negatively
charged group may be capable of binding to TLR4–MD-2 as ag-
onists or antagonists. A combination of several molecules with one
to three acyl chains or one molecule with four to six acyl chains
may be able to do so. Globotetraosylceramide (Gb4Cer), a gly-
cosphingolipid containing a 4-mer oligosaccharide but no sulfate,
binds mouse MD-2 and inhibits LPS-stimulated activity (38).
Furthermore, while Gb3Cer and Gb4Cer alone have no effect on
TLR4 signaling, a recent report suggested that these glyco-
sphingolipids bind TLR4 in the presence of LPS and enhance LPS
activity (39).
In contrast to its agonist activity toward mouse TLR4–MD-2,

C16-sulfatide displayed antagonist activity toward the human re-
ceptor even at low concentrations, suggesting that one to three
molecules of C16-sulfatide may also bind to human TLR4–MD-2.
We have determined, in part, the reason for the species difference
at the atomic level. Human TLR4 with the single mutations
Glu369Lys or Gln436Arg became responsive to C12-sulfatide and
the double mutant was activated by C12-sulfatide and LPS to the
same extent. This behavior similarly applies to lipid IVa (40),
which is also an agonist for mouse TLR4–MD-2 and an antagonist
for human TLR4–MD-2. Our results confirm the importance of
electrostatic potentials at the dimerization interface of TLR4–
MD-2 for determining activating versus antagonistic effects of li-
gands by contributing to the proper positioning of LPS and related
ligands such as lipid IVa (34).
The fact that sulfatides with specific chain lengths are active,

and the fact that a major difference between the responses of
human and mouse cells is observed for individual ligands, may
explain some of the conflicting published reports on sulfatide
effects introduced earlier. The significance of the central finding
that specific short FA chain sulfatides bind and elicit activating
conformational changes in mouse TLR4–MD-2 complexes must
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Fig. 6. Residues involved in species specificity for short FA chain sulfatides. (A and B) NF-κB–dependent luciferase activity in HEK293T cells transiently
expressing mTLR4 and mMD-2 bearing the indicated mutations and stimulated with C12-sulfatide (50 μM) or lipid A (2 μg/mL) (A), or C16-sulfatide (100 μM) (B)
for 5 h; n = 2. (C) NF-κB–dependent luciferase activity in HEK293T cells transiently expressing hTLR4 and hMD-2 bearing the indicated mutations and
stimulated with C12-sulfatide (100 μM), C16-sulfatide (100 μM), or smooth LPS (1 μg/mL) for 5 h; n = 2. WT indicates cells expressing WT mTLR4 and mMD-2 (A
and B) or cells expressing WT hTLR4 and hMD-2 (C). Data (mean ± SEM) are representative of at least two independent experiments. *P < 0.05, **P < 0.01,
***P < 0.001, ****P < 0.0001 (two-way ANOVA followed by Dunnett’s posttest for comparison with the WT condition treated with the same ligand). Data
were normalized to luciferase activity measured in cells expressing the same mutations and stimulated with vehicle (water) control. There is no reporter
activation when the y-axis value equals 1 (shown with a dashed line).
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be assessed in the context of the relative abundance and bio-
availability of the bioactive species, both under normal and
pathologic conditions. We demonstrated by dynamic light scat-
tering analysis that C12-, C16-, C18-, and brain-derived sulfatides
all formed vesicles in solution at a concentration of 5 μM (SI
Appendix, Fig. S1). Therefore, at the concentrations at which
C12-sulfatide and C16-sulfatide showed cellular activity but C18-
sulfatide and brain-derived sulfatides did not, all of these sulfa-
tide species were predominantly vesicular. These findings argue
against the idea that reduced aggregation of short FA chain
sulfatides resulting in increased free sulfatide molecules under-
lies the greater potency of short FA chain sulfatides compared
with longer FA chain sulfatides. We hypothesize that longer FA
chains have more difficulty burying their hydrocarbon chains into
the MD-2 hydrophobic pocket and protrude farther out of the
MD-2 hydrophobic pocket; the exposed hydrophobicity may re-
sult in poorer binding to MD-2 compared with the binding of
short FA chain species. Thus, the binding of three short FA chain
sulfatides would be favored compared with the binding of three
long FA chain sulfatide molecules. We do not yet have a clear
picture of how sulfatides access the receptor; other molecules in
the culture medium or in vivo, such as serum lipoproteins, other
sulfatides, or lipids, may alter the physical state of sulfatides (e.g.,
from vesicular to free molecules), or lipid-binding proteins may
facilitate binding of sulfatides to TLR4–MD-2 similar to LBP and
CD14 facilitating the binding of LPS to the receptor (26, 27).
The relative abundance of sulfatide species with particular acyl

chain lengths varies within different cell types in different tissues.
Sulfatide species abundance may be directly impacted by ceramide
synthases (CerSs) (41), multispanning membrane proteins that
catalyze the transfer of FAs to dihydrosphingosine. Six CerSs exist
in mammals (42), each with a characteristic preference for FAs with
a restricted range of acyl chain length. For example, CerS5 and
CerS6 preferentially transfer short acyl chain substrates (C14 and
C16) to dihydrosphingosine (42, 43). The lengths of FAs themselves
are specified by soluble cytoplasmic FA synthases or endoplasmic
reticulum membrane-anchored very long chain FA synthases (44).
The expression and activity of these enzymes may ultimately influ-
ence the quantities and proportions of sulfatides in specific cell
types. Renal cells, cells of the gastrointestinal tract, pancreatic islet
cells, and particularly brain cells are sulfatide-rich (9) but different
sulfatide chain lengths predominate in different cells within these
tissues (13). For example, the ratio between C24- and C16-sulfatides
is roughly 10, 1, and 0.1 in the brain, pancreas, and blood, respec-
tively (18). C12:0 sulfatide, while very active in our studies, has not
been reported to exist at detectable concentrations in mammalian
tissues. C14:0 sulfatide is of low abundance in human cortical brain
cells (where C18:0 and C24:1 are most abundant) (33) but is un-
detectable in kidney, where C16-, C22-, and C24-acyl chains are
most abundant (13, 45).
Do biologically relevant concentrations of active sulfatide

species become bioavailable under pathologic conditions and
contribute to pathology? Sulfatides are particularly abundant
glycolipids in lipid bilayers of the myelin sheaths formed by oli-
godendrocytes (46, 47), and in neurons and astrocytes (48, 49). A
possible role in central nervous system (CNS) pathology, mediated
by TLR4–MD-2 interactions, is therefore to be suspected. It has
previously been observed that during the paralytic phase of EAE in
mice, the amount of brain C14:0 sulfatide rises more than 10-fold,
while the amount of C16:0 sulfatide drops considerably (50). More
recently it was noted that humans with MS produce sulfatide-specific
autoantibodies, as do mice with EAE (12). Moreover, immunization
of SJL/J mice with myelin-derived peptides plus sulfatide caused
a more severe course of EAE than immunization against myelin-
derived peptides alone, and administration of sulfatide-specific
antibody exacerbated EAE (12). These data might be interpreted
in light of the fact that sulfatides of a given range of FA chain
length act, in mice, as TLR4–MD-2 agonists.

Short FA chain sulfatides present endogenously would exert TLR4-
mediated adjuvant effects in mice, causing a type 1 T-independent
antibody response directed against themselves, as well as T-dependent
augmentation of antibody responses directed against immunodominant
peptides from myelin. Antibodies reactive with sulfatides or my-
elin peptides might cause complement-dependent CNS pathology.
Sulfatide-binding antibodies might actually increase endogenous
sulfatide bioavailability by conferring solubility to a normally hy-
drophobic molecule, leading to increased TLR4–MD-2–mediated
inflammation, and the further release of endogenous sulfatides
from inflamed, damaged tissue, creating a feedforward cycle. It is
possible that similar sulfatide-mediated immune responses may be
related to immunopathogenesis in other tissues rich in short FA
chain sulfatides, notably the kidneys and β-cells of pancreatic islets.
While our data suggest that reactions of this type may not operate in
humans, at least 50 different native subspecies of ceramide, and
hence sulfatide, exist in mammals, varying by FA chain length,
double-bond saturation and hydroxylation, and sphingosine base
saturation (9, 51, 52). Thus, we cannot exclude the possibility that
particular sulfatide subspecies might be found to activate human
TLR4–MD-2. We also speculate that other physiological lipids may
activate human TLR4–MD-2, leading to autoinflammatory disease
via these mechanisms. Cardiolipin is one such candidate lipid, which
is a target of antibodies in antiphospholipid syndrome and other
inflammatory diseases. Saturated cardiolipin was recently reported
to activate TLR4–MD-2 in primary human monocytes and mouse
macrophages (53). The role of TLR4 might be tested using TLR4-
deficient mice in an induced model of antiphospholipid syndrome
caused by anticardiolipin administration.

Materials and Methods
Sources of mice and reagents are provided in SI Appendix, Materials
and Methods.

Isolation of Bone Marrow–Derived Macrophages and Peritoneal Macrophages.
Female wild-type (WT) C57BL/6, TLR4-knockout, TRIF-knockout, and
MyD88-knockout mice (6 to 8 wk old) were killed and the femoral and
tibial marrow was flushed with culture medium supplemented with 10%
fetal bovine serum (FBS) using a 26-gauge needle. Following centrifuga-
tion, the cells were resuspended in culture medium supplemented with
20% FBS and 30% L929 cell conditioned medium (macrophage colony-
stimulating factor source), seeded in Petri dishes at a density of 5.6 ×
104 cells per square centimeter, and incubated at 37 °C in a humidified
incubator with 5% CO2. After 2 d, fresh medium was added. On day 7, the
culture medium was replaced and the adherent cells (differentiated
BMDMs, ∼98% homogeneous by appearance) were transferred to storage
in liquid N2 until used.

Peritoneal macrophages from WT C57BL/6J, Tlr4lps3/lps3, Tlr2−/−, and
Cd14hdl/hdl mice were isolated 4 d after intraperitoneal injection of
2 mL BBL thioglycollate medium, brewer modified (4% [weight/volume]; BD
Biosciences) by peritoneal lavage with 5 mL of phosphate-buffered saline (PBS).
The peritoneal macrophages were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) containing 2% FBS and 1% penicillin and streptomycin
(Life Technologies).

Cell Culture. Mouse RAW264.7 macrophage cells, human THP-1 monocytes, and
SW620 cells (ATCC) were grown to 80 to 90% confluence in DMEM supple-
mented with 8 mM L-glutamine, 100 U/mL penicillin, 100 μg/mL streptomycin,
and 1,250 U/mL nystatin, with 10% heat-inactivated FBS. THP-1 monocytes were
grown in suspension up to 8 × 105 cells per milliliter in RPMI medium 1640
supplemented with 2mM L-glutamine, 10 mMHepes, 50 μM2-mercaptoethanol,
100 U/mL penicillin, 100 μg/mL streptomycin, and 1,250 U/mL nystatin, with 10%
heat-inactivated FBS. SW620 colon epithelial cancer cells were grown to 70 to
80% confluence in culturemedium identical to the THP-1 culture medium except
2-mercaptoethanol was omitted. Cells were incubated at 37 °C in a humidified
incubator with 5% CO2.

TNF Release Assay. RAW264.7 macrophages were maintained for 24 h prior to
the experiment in 96-well plates, at 1.5 × 105 cells per well, in culture medium
supplemented with 10% FBS, up to a confluence of 90%. The culture medium
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was replaced with fresh culture medium containing 5% heat-inactivated FBS
2 h before treatment. The cells were treated as indicated at 37 °C for 4 or 24 h.

THP-1 monocytes were differentiated in the presence of 100 nM PMA for
24 h. Cells were washed with PBS and cultured in fresh RPMI medium for
24 h before use in stimulation experiments.

Mouse peritoneal macrophages or THP-1 cells were plated in 96-well
plates at a density of 1 × 105 or 0.5 × 105 cells per well, respectively. Cells
were stimulated with sulfatides, controls, lipid A, or LPS for 4 h. Inhibition
experiments were done with pretreatment of the cells with sulfatides, C16-
galactosylceramide, or vehicle control for 1 h before stimulation with lipid A,
or for 5 min before stimulation with LPS. Mouse or human TNF in the culture
media was measured using an enzyme-linked immunosorbent assay kit
according to the manufacturer’s instructions (Invitrogen or R&D Systems).

Luciferase Assays for NF-κB Activation. HEK293T cells stably expressing an NF-
κB–driven luciferase reporter were cultured in DMEM supplemented with
10% FBS and plated in 96-well plates at 0.7 × 105 cells per well 18 h before
transfection. Plasmids encoding WT or mutant TLR4 and MD-2 from mice or
humans were cotransfected into cells in each well using Lipofectamine 2000
(Life Technologies). Twenty-four hours after transfection, cells were stimu-
lated with 50 μM C12-sulfatide, 100 μM C16-sulfatide, or 2 μg/mL lipid A for 5
h. Cells were lysed and luciferase activity in each well was measured using
the Steady-Glo Luciferase Assay System (Promega). Data were expressed as a
ratio of NF-κB–dependent luciferase activity stimulated with lipids divided by
the luciferase activity measured in cells expressing the same mutations and
stimulated with vehicle (water).

RAW264.7 macrophages were grown for 24 h in 24-well plates, at 1.5 × 105

cells per well, in culture medium supplemented with 10% FBS. The cells were
then transfected for 24 h with 0.2 μg of NF-κB reporter plasmid and 0.07 μg
of herpes simplex virus TK-renilla luciferase. The plasmids were initially in-
cubated with TransIT2020 transfection reagent (Mirus Bio) in OptiMEM for
20 to 30 min at room temperature. Following transfection, the cells were
washed and stimulated as indicated at 37 °C for 4 h, after which luciferase
activity in cell extracts was determined following the manufacturer’s in-
structions (Promega). Data were expressed as a ratio of NF-κB–driven lucif-
erase activity divided by the renilla luciferase activity, and relative to control
untreated cells.

SW620 epithelial cells were grown for 24 h in 24-well plates, at 2 × 105 cells
per well, in SW620 culture medium supplemented with 10% FBS. The cells
were then transfected for 24 h with 0.2 μg of mouse TLR4 and/or 0.2 μg of
mouse MD-2 (or the pcDNA vector), 0.1 μg of NF-κB reporter plasmid, and 0.05
μg of herpes simplex virus TK-renilla luciferase, using Lipofectamine 2000. Cells
were washed and stimulated as indicated at 37 °C for 4 h, after which lucif-
erase activity in cell extracts was determined following the manufacturer’s
instructions (Promega). Data were expressed as a ratio of NF-κB–driven lucif-
erase activity divided by the renilla luciferase activity, and relative to control
untreated cells.

Immunoblot Analysis. Whole-cell lysates were prepared using RIPA buffer as
previously described (54). Protein concentration was determined by a modifi-
cation of the Bradford procedure (55). Bovine serum albumin served as a
standard. Two-color imaging and quantitative analysis of immunoblots were
performed using infrared dye–labeled secondary antibodies and blocking
buffer and the Odyssey Infrared Imaging System (Li-Cor Biosciences), according
to the manufacturer’s instructions.

Sulfatide Vesicle Preparation. C12-sulfatide and C16-galactosylceramide were
dissolved in a mixture of chloroform, methanol, and water with a volume (vol)
ratio of 4:1:0.1. Porcine brain sulfatide was dissolved in a 2:1:0.1 (vol:vol:vol)
solution of chloroform:methanol:water. C16- and C18-sulfatides were dis-
solved in 2:1 (vol:vol) and 5:1 (vol:vol) solutions of chloroform:methanol, re-
spectively. These lipids were dried in glass vials with nitrogen gas and further
dried under vacuum overnight. The lipid films were resuspended in endotoxin-
free water with cycles of freeze, thaw, and sonication in a water bath for
5 min. In some experiments, additional tip sonication was applied for two
rounds of 10 s. The C16-sulfatide used in the experiment shown in SI Appendix,
Fig. S2C was dissolved in a 4:1 (vol:vol) solution of chloroform:methanol, dried
in glass vials with nitrogen gas and then under vacuum overnight, and dis-
solved in dimethyl sulfoxide (DMSO).

Protein Expression, Purification, and Crystallization. The recombinant mouse
TLR4–MD-2 complex was coexpressed in High Five insect cells and purified
as described (8). Fully purified mTLR4–MD-2 (8.8 mg/mL) was incubated with
500 μM C16-sulfatide vesicles at 37 °C for 4 h. The mTLR4–MD-2 and C16-sulfatide
mixture was buffer-exchanged to a buffer containing 25 mMHepes (pH 8.0) and

75 mM NaCl by concentration and dilution three times using a 50-kDa concen-
trator. The complex was then concentrated to 20 mg/mL for crystallization.

The mTLR4–MD-2–C16-sulfatide crystals were grown with a hanging-drop
vapor-diffusion method by mixing 1 μL of protein and 1 μL of reservoir buffer
containing 0.1 M Tris (pH 8.0), 0.8 M sodium formate, 8% polyethylene glycol
(PEG) 8000, and 8% PEG 1000. The mTLR4–MD-2–C16-sulfatide crystals were
flash-frozen in liquid nitrogen in a cryoprotection buffer containing 0.1 M Tris
(pH 8.0), 0.8 M sodium formate, 50 mM NaCl, 9% PEG 8000, and 40% PEG 1000.

Data Collection and Structure Determination. Diffraction data were collected at
beamline 19-ID (Structural Biology Center Collaborative Access Team) at the
Advanced Photon Source (ArgonneNational Laboratory). The datawere indexed,
integrated, and scaled using the HKL-3000 package (56). The phase was obtained
from the molecular replacement method using the program Phaser (57). The
published mouse TLR4–MD-2–neoseptin-3 structure (PDB ID code 5IJC) was used
as a search model. The electron densities for the six lipid chains of C16-sulfatide
inside the MD-2 hydrophobic pocket were clear enough to allow us to build the
atomic models of these lipid chains into the density map. The electron densities
for the galactose moiety and sulfate group were very poor, probably due to the
flexibility of these groups. The manual model building was performed with the
program Coot (58) and the crystallographic refinement was performed using the
program PHENIX (59). Positional and isotropic atomic displacement parameter
(ADP) as well as translation–libration–screw-rotation ADP refinement was per-
formed during refinement with a random small percentage of all data set aside
for an Rfree calculation. Data collection and structure refinement statistics are
summarized in SI Appendix, Table S1.

Molecular Dynamics Simulation. Molecular dynamics simulations were per-
formed for the dimeric TLR4–MD-2 in complex with C16-sulfatide. The
neutralized MD simulation systems consisted of two TLR4–MD-2 heterodimers,
six C16-sulfatide molecules, 61,898 TIP3P (60) water molecules, 120 Cl−, and
146 Na+. AMBER ff14SB (61) and GAFF (62) force fields were used to model
proteins and the sulfatide, respectively. Antechamber (63) was applied to
generate the residue topology of C16-sulfatide. The particle mesh Ewald
method (64) was used to accurately calculate the electrostatic energies with
the long-ranged correction being taken into account. The minimization and
simulation protocols were described in our previous publication (65). All MD
simulations were performed using the pmemd.cuda program in AMBER 2018
(66). In total, 1,000 evenly selected and all the 12,500 MD snapshots were
applied to conduct MM-PBSA-WSAS binding free energy and MM-GBSA
(mechanics-generalized Born surface area) (67) free energy decomposition
analysis, respectively, as described in our previous publication (65). An internal
program was applied to identify hotspot residues based on ligand–residue
interaction energies from MM-GBSA free energy decomposition analysis.

Statistical Analysis. Data were analyzed using one- or two-way ANOVA with
the appropriate multiple-comparison test, or with Student’s t test wherever
applicable. Differences with P < 0.05 were considered to be significant. All
experiments were repeated at least twice.

Data Availability. The coordinates and structure factors of mouse TLR4–MD-2
in complex with C16-sulfatide reported in this article have been deposited in
the Protein Data Bank under ID code 7MLM. All other data are available in
the main text or SI Appendix.
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