
ARTICLE

Glycolipid iGb3 feedback amplifies innate immune responses
via CD1d reverse signaling
Xingguang Liu1, Peng Zhang1,2, Yunkai Zhang1, Zheng Wang3, Sheng Xu1, Yingke Li1, Wanwan Huai4, Qingqing Zhou1, Xiang Chen1,
Xi Chen4, Nan Li1, Peng Wang5, Yunsen Li3 and Xuetao Cao1,4,6,7

The cross-talk between cellular lipid metabolism and the innate immune responses remains obscure. In addition to presenting lipid
antigens to Natural Killer T-cells (NKT cells), the Cluster of Differentiation 1D Glycoprotein (CD1d) might mediate reverse signaling in
antigen-presenting cells (APCs). Here we found CD1d deficiency attenuated Toll-like receptor (TLR)-triggered inflammatory innate
responses in macrophages and dendritic cells, protecting mice from endotoxin shock. TLR activation in macrophages induced
metabolic changes of glycosphingolipids (GSLs), among which glycolipid isoglobotrihexosylceramide (iGb3) was rapidly produced.
The endogenously generated iGb3 bound CD1d in endosomal compartments and then synergized with the initially activated TLR
signal to induce Tyr332 phosphorylation of CD1d intracellular domain. This led to the recruitment and activation of proline-rich
tyrosine kinase 2 (Pyk2). Pyk2 interacted with IκB kinase β (IKKβ) and TANK-binding kinase 1 (TBK1), and enhanced tyrosine
phosphorylation of Tyr188/199 of IKKβ and Tyr179 of TBK1 and thus, their activation to promote full activation of TLR signaling.
Thus, intracellular CD1d reverse signaling, triggered by endogenous iGb3, amplifies inflammatory innate responses in APCs. Our
findings identify a non-canonical function of CD1d reverse signaling activated by lipid metabolite in the innate immune response.
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INTRODUCTION
The close connection between immunity and metabolism has
attracted attention in recent years.1–3 These two physiological
systems display bidirectional communication and coordination.
On the one hand, immune cells participate in the metabolism of
the host.4 Multiple kinds of immune cells, including macrophages,
dendritic cells (DCs), T cells and B cells, have been identified as
critical effector cells in the initiation of chronic tissue inflammation
and pathophysiology of many metabolic diseases that include
pathological obesity and type 2 diabetes.5 On the other hand,
cellular metabolic changes can regulate the function and fate of
immune cells.6,7 Toll-like receptor (TLR) activation in DCs results in
a remarkable metabolic transformation in glycolysis that is crucial
for DC activation and survival.8,9 Activation of TLR signaling in
macrophages also induces significant remodeling of the composi-
tion of lipids and their subcellular location.10,11 These bioactive
lipid mediators participate in the inflammation and immune
responses. For example, prostaglandin E2 and 25-
hydroxycholesterol produced by macrophages inhibit or enhance
anti-viral immunity respectively.12,13 Genetic evidence indicates
that β-glucosylceramide-derived glycosphingolipids (GSLs) are
natural lipid ligands that are critical for the function of
NKT cells.14,15 Altered GSL profiles are found during TLR9-
mediated maturation of DCs, also required for the activation of
NKT cells.16,17 However, the cross-talk between the metabolic

dynamics of cellular lipid and innate immune responses remains
to be fully understood.
The CD1d molecule is a major histocompatibility complex

(MHC) class I-like transmembrane glycoprotein.18 In contrast to the
MHC class I and class II molecules that present peptide antigens,
the CD1d molecule primarily presents lipid antigens to CD1d-
restricted NKT cells.19 Lipid antigens presented by CD1d include
both exogenous and endogenous glycolipid antigens. For
example, isoglobotrihexosylceramide (iGb3), a neutral GSL, has
been identified as a potential endogenous lipid antigen presented
by CD1d to human and mouse NKT cells.14,15

Unlike other members of the CD1 family, which show an
inducible expression pattern after activation by pathogens,
cytokines or other stimuli, the CD1d protein is constitutively
expressed in antigen-presenting cells (APCs) and therefore better
meets the function of an innate immune receptor.20 Increasing
evidence has shown that CD1d is involved in the pathogenesis of
autoimmune diseases, as well as influencing the outcome of
infections by microbes such as bacteria, viruses, fungi and
parasites.21 Most of these studies focus on the classical role of
CD1d to activate NKT cells. However, apart from the well-known
classical function of lipid antigen presentation, CD1d also exerts
some non-classical biological functions independent of presenting
lipid antigen.22–25 The specific antibody cross-linking of CD1d on
intestinal epithelial cells can induce STAT3 (Signal transducer and
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activator of transcription 3)-dependent IL-10 and HSP110 produc-
tion to elicit the protective mucosal immunity.22,23 Direct ligation
of CD1d by specific antibodies on APCs also stimulates IL-12
release both in vitro and in vivo upon infection, which is
correlated with rapid phosphorylation of IκB and activation of
NF-κB.24,25 These findings imply that CD1d may be able to initiate
its intracellular reverse signaling upon ligation by specific
antibody. Since multiple endogenous lipid antigens can be
presented by CD1d, it is possible that certain kinds of endogenous
natural lipids could be recognized by CD1d to trigger a
physiological CD1d reverse pathway.
Toll-like receptors (TLRs), pattern recognition receptors

expressed in APCs, have critical roles in detecting invading
pathogens and initiating innate immune responses.26–28 Our
previous studies have demonstrated the reverse signaling
mediated by MHC class II or MHC class I promotes or inhibits
TLR-triggered innate immune responses respectively.29,30 Never-
theless, the non-classical roles of lipid antigen-presenting
molecule CD1d in innate immunity and inflammatory responses
need to be explored.
Here we find TLR activation induces metabolic changes of GSLs

in macrophages, among which generation of iGb3 is significant.
Our data demonstrate that iGb3 acts as an innate lipid effector to
bind CD1d in endosomes and activates intracellular CD1d reverse
signaling to promote the full activation of TLR-triggered innate
immune responses.

RESULTS
CD1d deficiency attenuates TLR-triggered innate immune
responses
We first investigated the effect of CD1d deficiency on innate
immunity utilizing Cd1d–/– mice. This revealed CD1d deficiency
had no influence on myeloid development, macrophage differ-
entiation and TLR expression in macrophages (Supplementary
information, Fig. S1a-d). Macrophages from Cd1d+/+ or Cd1d–/–

mice showed similar responses to IFN-α or IFN-γ stimulation
(Supplementary information, Fig. S1e, f). We then challenged
Cd1d–/– and control littermate Cd1d+/+ mice with different TLR
ligands, including lipopolysaccharide (LPS), Poly(I:C) or CpG
oligodeoxynucleotide (ODN). We found that Cd1d–/– mice
produced significantly less TNF, IL-6 and IFN-β than Cd1d+/+ mice
did (Fig. 1a). Less infiltration of inflammatory cells was found in the
lungs of Cd1d–/– mice after LPS challenge (Fig. 1b). Given the
deficiency of NKT cells in Cd1d−/− mice, we performed
reconstitution experiments to exclude the impact of this
deficiency. Lethally irradiated wild type mice were reconstituted
with a 1:1 mixture of bone marrow cells from Cd1d+/+ and Cd1d–/–

mice. These reconstituted chimeric mice developed NKT cells just
as well as mice reconstituted with Cd1d+/+ bone marrow cells
alone (Supplementary information, Fig. S1g) but comprising both
Cd1d+/+ and Cd1d–/– APCs. Due to the loss of CD1d in part of the
APC population, LPS-induced production of TNF, IL-6 and IFN-β
was also lower in chimeric mice than in mice reconstituted with
Cd1d+/+ bone marrow cells alone (Fig. 1c). We then challenged
Cd1d–/– and Cd1d+/+ mice with Gram-negative E. coli or Gram-
positive Listeria monocytogenes. Upon E. coli infection, CD1d-
deficient mice produced significantly less TNF and IL-6 in their sera
(Fig. 1d). Accordingly, the blood load of E. coli was reduced in
CD1d-deficient mice (Fig. 1e). After infection with Listeria
monocytogenes, the production of TNF and IL-6 was also lower
in CD1d-deficient mice (Fig. 1f). Moreover, the CD1d deficiency
resulted in higher bacterial loads in the liver and spleen (Fig. 1g).
Similarly, Cd1d–/– peritoneal macrophages showed greater bacter-
ial loads upon Listeria monocytogenes infection (Supplementary
information, Fig. S1h). These data are consistent with the previous
finding that proinflammatory cytokines promote the dissemina-
tion of E. coli and clearance of Listeria monocytogenes.30,31

Together, the above data suggest that CD1d has an important
contribution to host innate immune responses.

Impaired cytokine production in TLR-triggered CD1d-deficient
APCs
Consistent with the above in vivo observations, we found that the
TLR-triggered production of TNF, IL-6 and IFN-β was markedly
impaired in both peritoneal macrophages and bone marrow-
derived DCs from Cd1d–/– mice (Fig. 2a). The silencing of CD1d also
significantly inhibited cytokine production in peritoneal macro-
phages stimulated with TLR ligands (Fig. 2b, c). Furthermore, CD1d
silencing also led to decreased cytokine production in human
monocyte-derived DCs (Supplementary information, Fig. S2).
These data suggest that the CD1d molecule can promote TLR-
triggered production of proinflammatory cytokines and type I
interferon (IFN).

TLR activation induces endogenous production of
glycosphingolipid iGb3
Previous studies have shown that CD1d ligation by antibodies in
monocytes and epithelial cells can activate intracellular signaling
and elicit physiological responses.22,24 Given that the CD1d
molecule promoted TLR-triggered cytokine production in APCs,
we hypothesized whether CD1d reverse signaling could be
activated by endogenously generated natural ligands induced
by TLR ligation. Since GSLs have been reported to be the natural
ligands for NKT cells that can be presented by CD1d, we assessed
GSL profiles in macrophages with or without TLR ligand
stimulation. To gain a clear and precise view of GSL profiles in
macrophages, we used electrospray ionization linear-ion-trap
mass spectrometry (ESI-LIT-MS) techniques. The major GSLs
identified in cell lysates from mouse peritoneal macrophages
were: GlcCer, LacCer, Gb3/iGb3, Lc3 and Gb4/iGb4/nlc4 (Supple-
mentary information, Table S1). Representative ESI-LIT-MS profiles
for major GSLs are presented in Supplementary information,
Figure S3a. To study whether TLR activation would influence GSL
profiles, mouse macrophages were stimulated with LPS or Poly(I:C)
for different times and the ratio of GSLs in TLR-activated
macrophages was compared to that in untreated macrophages.
We found that the percentage of LacCer, Lc3 or Gb4/iGb4/nlc4 in
total GSLs did not change after LPS stimulation. However, we
found increased relative abundance of GlcCer (1.2 fold) or Gb3/
iGb3 (1.6 fold) in LPS-stimulated macrophages (Supplementary
information, Fig. S3a and Table S2).
We then analyzed the expression pattern of individual GSLs

with the more sensitive linear ion-trap mass spectrometry. Of the
two molecular species of regioisomers of trihexosylceramide (iGb3
and Gb3) observed in MS1, iGb3 was present at less than 1% of the
total level of trihexosylceramide ions32 and was difficult to detect.
However, it is reported that expression of iGb3 can be detected
and measured from characteristic ions produced in MS4 analysis of
selected ions.16 After selecting m/z 1215 (representing regioi-
somers of iGb3/Gb3) for MS4, iGb3 (specific ions m/z 211 and m/z
371) was undetectable in untreated macrophages but significantly
increased in macrophages stimulated with LPS. The latter cells
showed rapid production of iGb3 within 15minutes and the most
significant increase after 30 minutes (Fig. 3a and Supplementary
information, Fig. S3b). We made similar findings in Poly(I:C)-
stimulated macrophages (Supplementary information, Fig. S3c).
Together these results indicate that iGb3 is specially generated in
macrophages after TLR activation.

Glycosphingolipid iGb3-triggered CD1d reverse signaling
promotes TLR-triggered innate responses
iGb3 has been identified as a potent CD1d-presented self-antigen
for NKT cells that is crucial for antimicrobial and antitumor
defense.33 Therefore, we explored the role of iGb3 in the
activation of CD1d reverse signaling. Pure iGb3 was synthesized

Article

43

Cell Research (2019) 29:42 – 53

1
2
3
4
5
6
7
8
9
0
()
;,:



as previously described,34 which also excluded the possibility that
this antigen was contaminated by α-glycosylceramides.35 We
found that this synthesized iGb3 induced slight production of TNF
and IL-6 in a dose dependent manner, but not IFN-β (Supple-
mentary information, Fig. S4a). We then observed the effect of
iGb3 on TLR-triggered cytokine production. Pretreating macro-
phages with iGb3 significantly promoted the TLR-triggered
production of TNF, IL-6 and IFN-β (Supplementary information,
Fig. S4b). Since iGb3 is an endogenous ligand for CD1d, we
investigated whether iGb3 exerted effects through CD1d. iGb3
could not enhance TLR-triggered cytokine production in CD1d-

deficient macrophages (Fig. 3b), indicating that CD1d is required
for iGb3 function.
Intracellular iGb3 production is controlled by iGb3 synthase

(iGb3S) and β-hexosaminidase (Hexb).32 We found that the mRNA
expression of these two enzymes in macrophages was signifi-
cantly upregulated after TLR ligand stimulation (Supplementary
information, Fig. S5a). This was reversed by the treatment of ERK
inhibitor, suggesting a necessary role of ERK signaling activation in
the increased transcription of the genes encoding these two
enzymes (Supplementary information, Fig. S5b). We further
knocked down the expression of iGb3S or Hexb in macrophages

Fig. 1 CD1d deficiency protects mice from challenge with TLR ligands and pathogen infection. a ELISA of TNF, IL-6 and IFN-β in sera of Cd1d+/+

and Cd1d–/– mice (n= 5 per group) 2 h after intraperitoneal injection of LPS, Poly(I:C) or CpG-ODN (CpG). b HE staining of lungs from Cd1d+/+

and Cd1d–/– mice 8 h after intraperitoneal challenge with LPS. Scale bar, 20 μm. c Wild-type mice (n= 6 per group) were lethally irradiated and
then adoptively transferred with bone marrow cells from Cd1d+/+ mice or with a 1:1 mixture of bone marrow cells from Cd1d+/+ and Cd1d–/–

mice. Eight weeks later, ELISA of serum cytokines were performed 2 h after intraperitoneal injection with LPS. d ELISA of serum cytokines from
Cd1d+/+ and Cd1d–/– mice (n= 4 per group) 4 h after intraperitoneal infection with 1 × 107 E. coli. e Blood bacteria load 4 h or 8 h after infection
as in (d). f ELISA of serum cytokines from Cd1d+/+ and Cd1d–/– mice (n= 4 per group) 4 h after infected with 1 × 104 Listeria monocytogenes.
g Bacteria loads in livers and spleens from Cd1d+/+ and Cd1d–/– mice 2 days after infection as in (f). Quantitative data are presented as the
mean ± SEM. *P < 0.05 and **P < 0.01 (Student’s t-test)
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by siRNA to reduce endogenous iGb3 production. This revealed
that silencing of either iGb3S or Hexb inhibited TLR-initiated
cytokine production (Supplementary information, Fig. S5c). Silen-
cing of iGb3S and Hexb together exerted the more significant
inhibitory effect on TLR-triggered cytokine production (Fig. 3c) but
this could be restored by iGb3 treatment (Fig. 3d).
To test the specificity of iGb3 to initiate reverse signaling, we

also explored whether other GSLs had similar effects. We found
that Gb3, LacCer, β-GlucCer and β-GalCer, which all have similar
structures to iGb3, could not activate macrophages to induce
cytokine production. Moreover, the exogenous lipid antigen α-
galactosylceramide (α-GalCer), which can be presented to
NKT cells by CD1d, also failed to induce cytokine production
(Supplementary information, Fig. S5d). Silencing of other enzymes
in the metabolic pathway of GSLs in macrophages, including Gb3S
and Gb4S, also had no influence on cytokine production induced
by TLR ligands (Supplementary information, Fig. S5e), suggesting
a requirement of iGb3 synthesis for TLR-induced cytokine
production.

Endogenous iGb3 activates CD1d reverse signaling in endosomal
compartments
We further investigated whether endogenous iGb3 mediated its
effect by acting on plasma membrane-associated or intracellular
CD1d. Observations by confocal microscopy showed that CD1d
was present not only on the plasma membrane but also in
endosomal compartments in resting peritoneal macrophages
(Fig. 3e). Interestingly, there appeared to be an increase in CD1d
located in endosomal compartments after LPS stimulation or co-
treatment with LPS and iGb3 (Fig. 3e). The anti-CD1d monoclonal
antibody WTH-2 has been show to effectively block ligand
recognition by NKT cells.36 This was confirmed by our finding
that treatment with WTH-2 neutralizing antibody could signifi-
cantly inhibit IFN-γ production in NKT cells co-cultured with DCs in

the presence of iGb3 (Supplementary information, Fig. S6a). When
we used the WTH-2 antibody to block CD1d molecules located on
plasma membranes, we found that TLR-triggered cytokine
production was not influenced (Fig. 3f). These data exclude the
possibility that TLR-induced endogenous iGb3 is secreted into the
culture media to bind and activate CD1d on plasma membranes.
Thus, this suggests that iGb3 may have its effect through
intracellular CD1d in endosomal compartments.
Considering that CD1d is recycled between plasma membranes

and endosomal compartments to facilitate lipid exchange and
antigen presentation,14 we hypothesized that exogenously added
iGb3 might be transported into endosomal compartments to exert
its effect through CD1d. Intracellular trafficking of plasma
membrane-associated CD1d through compartments of the endo-
cytic pathway relies on the YXXZ motif (Y is tyrosine, X is any amino
acid, and Z is bulky hydrophobic residue) in its cytoplasmic tail.19,37

We therefore constructed two CD1d mutants, Y332A and I335A as
described previously,19,37 and found that indeed, these two CD1d
mutants could not traffic to endosomal compartments in CD1d-
deficient macrophages upon co-treatment with LPS and iGb3
(Supplementary information, Fig. S6b). Overexpression of wild type
CD1d in CD1d-deficient macrophages restored TLR-induced
cytokine production whereas overexpression of CD1d Y332A or
CD1d I335A did not (Fig. 3g). Moreover, exogenous iGb3 failed to
promote TLR-induced cytokine production in Cd1d–/– macrophages
over-expressing CD1d Y332A or CD1d I335A (Fig. 3g). The above
findings suggest that exogenously added iGb3 cannot activate the
reverse signaling of CD1d on the plasma membrane but instead
needs to be transported into endosomal compartments via CD1d
to initiate CD1d reverse signaling. Together, these data indicate
that TLR signaling upregulates the expression of iGb3S and Hexb
to promote the generation of endogenous iGb3, and iGb3, which
in turn facilitates TLR-triggered innate responses through CD1d in
endosomal compartments.

Fig. 2 CD1d deficiency attenuates TLR-triggered production of proinflammatory cytokines and type I IFN in macrophages and DCs. a ELISA of
cytokines in supernatants of peritoneal macrophages or BMDCs from Cd1d+/+ and Cd1d–/– mice either unstimulated (Med) or stimulated with
LPS (100 ng/mL), Poly(I:C) (10 μg/mL) or CpG (0.3 μM) for 6 h. b Immunoblot of CD1d expression in macrophages 48 h after transfection with
control siRNA (Ctrl) or CD1d siRNA. c ELISA of cytokines in supernatants of macrophages transfected with siRNA as in b, followed by
stimulation with LPS, Poly(I:C) or CpG for 6 h. Data are from three independent experiments (a, c; mean ± SEM) or are representative of three
independent experiments with similar results (b). *P < 0.05 and **P < 0.01 (Student’s t-test)
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Impaired TLR signaling in CD1d-deficient macrophages
We further explored the effect of CD1d deficiency on TLR
signaling pathways in macrophages. We found that CD1d
deficiency had no effect on the LPS-induced phosphorylation
of MAPKs including ERK, JNK and p38 (Supplementary informa-
tion, Fig. S7a). However, LPS-induced activation of NF-κB
signaling (assessed by phosphorylation levels of IKKα/β, IκBα
and p65) was significantly attenuated in CD1d-deficient macro-
phages (Supplementary information, Fig. S7a). We also found
the phosphorylation of TANK-binding kinase 1 (TBK1) and
interferon regulatory factor 3 (IRF3) were both impaired in
CD1d-deficient macrophages (Supplementary information,
Fig. S7a). Similar results were also obtained in Poly(I:C)- or CpG
ODN-stimulated CD1d-deficient macrophages (Supplementary
information, Fig. S7b). iGb3 treatment could promote the LPS-
induced activation of NF-κB and IRF3 pathways in macrophages
whereas the activation of MAPKs was not affected (Supplemen-
tary information, Fig S7c). Similar results were also obtained in
macrophages treated with iGb3 following stimulation with Poly
(I:C) or CpG ODN (Supplementary information, Fig. S7d). How-
ever, treatment with iGb3 alone did not activate MAPK and IRF3
pathways and only led to a weak increase in p65 phosphoryla-
tion (Supplementary information, Fig. S7e). These data indicate
that iGb3-activated CD1d reverse signaling promotes TLR-
triggered innate responses by enhancing the activation of NF-
κB and IRF3 signaling.

CD1d interacts with Pyk2 via intracellular phosphorylated tyrosine
To investigate the underlying mechanisms by which CD1d reverse
signaling was transduced, we subjected the protein complexes
immunoprecipitated by anti-CD1d antibody from lysates of LPS-
stimulated macrophages to mass spectrometry in order to identify
CD1d-associated molecules (Supplementary information, Fig. S8a).
Given that protein kinases are important regulators of TLR
signaling, we focused on possible CD1d-interacting kinases.
Among the CD1d-interacting protein kinases in the immune-
precipitate we detected proline-rich tyrosine kinase 2 (Pyk2), a
non-receptor protein tyrosine kinase that is highly expressed in
hematopoietic cells and reported to function in inflammatory
responses.38,39 Inhibition of Pyk2 can attenuate LPS-induced lung
inflammation and injury in mice.40 Immunoprecipitation assays
further showed that CD1d interacted with Pyk2 after LPS
stimulation in macrophages (Fig. 4a, b). Specifically, only the
cytoplasmic CD1d could associate with Pyk2, whereas CD1d
located on plasma membrane could not (Fig. 4a and Supplemen-
tary information, Fig. S8b). Pretreatment of macrophages with
iGb3 enhanced the interaction between CD1d and Pyk2 (Fig. 4c).
Moreover, the ability of CD1d to recruit Pyk2 was attenuated when
iGb3S and Hexb were silenced in macrophages (Fig. 4d). Confocal
microscopy revealed that cytoplasmic CD1d co-localized with
Pyk2 in LPS-stimulated macrophages. Moreover, pretreatment of
macrophages with iGb3 further increased the LPS-induced co-
localization of CD1d and Pyk2 whereas iGb3 treatment alone did

Fig. 3 Glycolipid iGb3 promotes TLR-triggered production of inflammatory cytokines via intracellular CD1d. a GSLs from unstimulated or LPS-
stimulated macrophages were extracted, permethylated and analyzed by linear ion-trap MSn analysis. The positive ion ESI-LIT-MS4 spectras
(m/z 1215→ 667→ 445→ ) of permethylated GSLs were shown. The relative quantities of iGb3 in the molecular precursor m/z 1215 in
macrophages were determined. Signature ions (× 10) generated from iGb3 were indicated as ‘*’. b ELISA of cytokines in supernatants of
macrophages from Cd1d+/+ and Cd1d–/– mice pretreated with iGb3 and then stimulated with LPS, Poly(I:C) or CpG for 6 h. c ELISA of cytokines
in supernatants of macrophages transfected with Ctrl siRNA or iGb3S plus Hexb siRNA, and 48 h later, followed by stimulation with LPS, Poly(I:
C) or CpG for 6 h. d ELISA of cytokines in supernatants of macrophages transfected with siRNAs as in (c), and 48 h later, pretreated with iGb3
and followed by stimulation with LPS for 6 h. e Confocal microscopy observation of peritoneal macrophages treated as indicated and labeled
with CD1d and EEA1 antibodies. Scale bars, 5 μm. More than 30 macrophages from three independent experiments per group were observed
and used to quantification analysis. f ELISA of cytokines in supernatants of macrophages blocked with CD1d neutralizing mAb (WTH-2) and
then stimulated with LPS, Poly(I:C) or CpG for 6 h. g ELISA of cytokines in supernatants of Cd1d+/+ and Cd1d–/– macrophages transfected with
wild-type CD1d or CD1d mutants, 36 h later, then pretreated with iGb3 and stimulated with LPS for 6 h. Data are from three independent
experiments (a–d, f–g; mean ± SEM) or are representative of three independent experiments with similar results (e). *P < 0.05 and **P < 0.01
(Student’s t-test or ANOVA)
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not (Fig. 4e). These findings indicate that iGb3 preferentially
activates CD1d in endosomal compartments but not CD1d on
plasma membrane and then triggers the recruitment of Pyk2 upon
TLR activation.
We then examined the domains required for the interaction

between CD1d and Pyk2. We found that CD1d specifically
associated with the kinase domain of Pyk2 (Fig. 4f). The CD1d
molecule has a relatively short cytoplasmic tail, which contains an
intracellular tyrosine (Tyr332). We found that only full length CD1d
could interact with Pyk2 whereas mutants lacking the intracellular
domain (CD1d del) or having a mutated tyrosine (Y332A) could
not (Fig. 4g). In addition, we observed CD1d to be phosphorylated

at tyrosine residues in TLR-activated macrophages (Fig. 4h). This
led us to generate an antibody specific to the phosphorylated
CD1d at Tyr332. We confirmed the specificity of this antibody by
treating CD1d with calf intestinal alkaline phosphatase (CIP)
(Fig. 4i). This allowed us to show that TLR activation could induce
CD1d phosphorylation at Tyr332 (Fig. 4i and Supplementary
information, Fig. S8c). Moreover, CD1d phosphorylation at Tyr332
was substantially impaired by the Src family tyrosine kinase
inhibitor PP1 (Supplementary information, Fig. S8c) suggesting
that a member of the Src tyrosine kinase family might be involved
in Tyr332 phosphorylation of CD1d. Furthermore, iGb3 treatment
enhanced TLR-triggered CD1d phosphorylation at Tyr332, while

Fig. 4 Intracellular CD1d interacts with Pyk2. a Immunoblot (IB) analysis of Pyk2 and CD1d immunoprecipitated with CD1d Ab from
cytoplasmic and plasma membrane protein in lysates of macrophages stimulated with LPS for the indicated times. b IB analysis of CD1d and
Pyk2 immunoprecipitated with Pyk2 Ab in lysates of macrophages stimulated with LPS for the indicated times. c IB analysis of Pyk2 and CD1d
immunoprecipitated with CD1d Ab in lysates of macrophages pretreated with iGb3 and followed by stimulation with LPS. d IB analysis of Pyk2
and CD1d immunoprecipitated with CD1d Ab in lysates of macrophages transfected with control siRNA or iGb3S plus Hexb siRNA, and 48 h
later, stimulated with LPS. e Confocal microscopy observation of peritoneal macrophages treated as indicated and labeled with CD1d and
Pyk2 Abs. Scale bars, 5 μm. More than 30 macrophages from three independent experiments per group were observed and used to
quantification analysis. f Macrophages were transfected with Myc-tagged wild type Pyk2, the N terminus, kinase domain or C terminus plus
Flag-CD1d and then stimulated with LPS, followed by immunoprecipitation (IP) with Myc Ab and immunoblot with Flag or Myc Ab.
g Macrophages were transfected with Flag-tagged wild type CD1d, CD1d lacking the intracellular domain (del) or CD1d Y332A mutant plus
Myc-Pyk2 and then stimulated with LPS, followed by IP with Flag Ab and IB with Flag or Myc Ab. h IB analysis of tyrosine phosphorylated CD1d
or total CD1d after IP with CD1d Ab in lysates of LPS-stimulated macrophages. i IB analysis of phosphorylated CD1d at Y332 or total CD1d in
lysates of Cd1d+/+ and Cd1d–/– macrophages pretreated with or without CIP and then stimulated with LPS. j IB analysis of phosphorylated
CD1d at Y332 or total CD1d in lysates of macrophages pretreated with iGb3 and then stimulated with LPS. k IB analysis of phosphorylated
CD1d at Y332 or total CD1d in lysates of macrophages transfected with Ctrl siRNA or iGb3S plus Hexb siRNA and then stimulated with LPS.
l ELISA of cytokines in supernatants of Cd1d+/+ and Cd1d–/– macrophages transfected with wild type CD1d or CD1d mutants as in g and then
stimulated with LPS. Data are representative of three independent experiments with similar results (a–k) or are from three independent
experiments (l; mean ± SEM). **P < 0.01 (Student’s t-test or ANOVA)
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iGb3 treatment alone did not induce Tyr332 phosphorylation
(Fig. 4J and Supplementary information, Fig. S8d). Moreover, TLR-
induced CD1d Tyr332 phosphorylation could be inhibited by
silencing iGb3S and Hexb in macrophages (Fig. 4k and Supple-
mentary information, Fig. S8d). Furthermore, overexpression of
wild type CD1d restored TLR-triggered cytokine production in
CD1d-deficient macrophages whereas overexpression of mutants
lacking the intracellular domain (CD1d del) or with the mutated
tyrosine (Y332A) did not have this effect (Fig. 4l). These above
findings indicate that endogenously generated iGb3 in TLR-
activated macrophages induces phosphorylation at Tyr332 in
CD1d’s cytoplasmic tail and that the phosphorylated CD1d, in
turn, recruits Pyk2 to achieve full activation of TLR-triggered
responses.

CD1d promotes TLR signaling by maintaining Pyk2 activation
We next investigated whether CD1d reverse signaling enhanced
TLR-triggered innate responses by activating Pyk2. TLR activation
could induce Pyk2 phosphorylation in macrophages whereas Pyk2
phosphorylation was substantially impaired in CD1d-deficient
macrophages (Fig. 5a and Supplementary information, Fig. S9a).
Moreover, iGb3 treatment enhanced TLR-induced Pyk2 phosphor-
ylation in macrophages (Fig. 5b and Supplementary information,
Fig. S9b) indicatingd that CD1d contributes to the activation of
TLR-triggered Pyk2. We then explored the role of Pyk2 in TLR
signaling. Silencing of Pyk2 significantly impaired LPS-, Poly(I:C)- or
CpG-induced production of TNF, IL-6 and IFN-β in macrophages
(Fig. 5c, d). Furthermore, the promotion of TLR-triggered cytokine
production by iGb3 treatment was reversed in Pyk2-silenced
macrophages (Fig. 5e). This suggests that Pyk2 activation
mediated by iGb3-CD1d reverse signaling positively regulates
TLR-triggered innate responses.

Previous studies have shown that activating antibodies against
CD1d can induce CD1d reverse signaling22–25 but the signaling
mechanisms remain unclear. We therefore wondered whether
antibody ligation-activated CD1d reverse signaling shared a
similar pathway to the one suggested by our findings. We
found that ligation of CD1d by the activating antibody (CD1d mAb
1B1) could increase TLR-induced cytokine production in macro-
phages (Supplementary information, Fig. S9c). TLR-induced Pyk2
recruitment to CD1d and Pyk2 phosphorylation was also
enhanced after ligation of CD1d (Supplementary information,
Fig. S9d, e). The above findings further demonstrate that CD1d
reverse signaling promotes TLR responses by associating with
Pyk2 and maintaining its activation.

Pyk2 interacts with IKKβ and TBK1 through its C-terminus
Next, we investigated the mechanism by which Pyk2 promotes
TLR-triggered innate responses. We first asked whether Pyk2
interacted with components of the myeloid differentiation
primary response gene 88 (MyD88)-dependent and TRIF-
dependent pathways, such as interleukin 1 receptor associated
kinase 1 (IRAK1), TNF receptor associated factor 6 (TRAF6), TGF-
beta activated kinase 1 (TAK1), IKKs, TRAF3, TBK1 and IRF3. We
found that only the IKK complex (IKKα, IKKβ and IKKγ) and TBK1
could be detected in anti-Pyk2 antibody-precipitated lysates from
LPS-stimulated macrophages (Fig. 6a). However, the co-
immunoprecipitation assay in HEK293 cells revealed that IKKβ
and TBK1 could associate with Pyk2 whereas IKKα and IKKγ did not
(Fig. 6b, c) indicating that Pyk2 specifically bound IKKβ and TBK1.
Glutathione S-transferase pull-downs also revealed that Pyk2
directly interacted with IKKβ and TBK1 (Fig. 6d and e). The above
findings suggest Pyk2 modulates TLR signaling by directly
targeting IKKβ and TBK1.

Fig. 5 CD1d promotes TLR-triggered innate responses by maintaining Pyk2 activation. a, b IB analysis of phosphorylated Pyk2 or total Pyk2 in
lysates of Cd1d+/+ and Cd1d–/– macrophages (a) or macrophages pretreated with iGb3 (b), and stimulated with LPS for the indicated times. c IB
analysis of Pyk2 in macrophages transfected with Ctrl siRNA or Pyk2 siRNA. d ELISA of cytokines in supernatants of macrophages transfected
with siRNAs as in c, then stimulated with LPS, Poly(I:C) or CpG for 6 h. e ELISA of cytokines in supernatants of macrophages transfected with
siRNAs as in c, and then pretreated with iGb3 followed by stimulation with LPS, Poly(I:C) or CpG. Data are representative of three independent
experiments with similar results (a-c) or are from three independent experiments (d, e; mean ± SEM). *P < 0.05 and **P < 0.01 (Student’s t test
or ANOVA)
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We then investigated the domains of IKKβ and TBK1 responsible
for interaction with Pyk2. We found that both IKKβ and TBK1
having a deleted kinase domain could not bind Flag-tagged
Pyk2 (Fig. 6f, g) indicating that IKKβ and TBK1 interact with
Pyk2 through their amino-terminal kinase domain. Co-
immunoprecipitation experiments also showed that Pyk2 lacking
its C-terminus could not bind Flag-tagged IKKβ or TBK1 (Fig. 6h, i).
Taken together, the above findings suggest that Pyk2 interacts
with the kinase domain of IKKβ or TBK1 through its C-terminus.

Pyk2 promotes activation of IKKβ and TBK1 by enhancing their
phosphorylation
We further found that LPS-induced phosphorylation of IKKβ at
Ser177/181 was significantly attenuated in Pyk2-silenced macro-
phages or CD1d-deficient macrophages (Fig. 7a and Supple-
mentary information, Fig. S7a). Given that Pyk2 is a tyrosine
kinase, we explored the effect of Pyk2 on tyrosine phosphoryla-
tion of IKKβ. Tyr188 and Tyr199 within the activation T loop of
IKKβ, which have been reported to be important for its
activation and the downstream activation of NF-κB.41 We found
that tyrosine phosphorylation of IKKβ at Tyr188/199 induced by
LPS was inhibited in Pyk2-silenced macrophages or CD1d-
deficient macrophages (Fig. 7a); iGb3 treatment enhanced LPS-
induced IKKβ Tyr188/199 phosphorylation; and iGb3 treatment
alone did not lead to Tyr188/199 phosphorylation (Fig. 7b and
Supplementary information, Fig. S10a). By carrying out kinase
assays in vitro, we found that Pyk2 increased the tyrosine
phosphorylation of IKKβ at Tyr188/199 and its ability to
phosphorylate MBP (Fig. 7c). Reporter gene assays showed that
Pyk2 promoted IKKβ-mediated NF-κB reporter activation
whereas the kinase inactive mutant Pyk2-Y402F could not
(Fig. 7d). This indicates that Pyk2 promotes IKKβ activation in a
kinase activity-dependent manner.

TBK1 activity is regulated by phosphorylation at Ser172 within
its classical kinase activation loop.42 Silencing of Pyk2 or CD1d
deficiency in macrophages significantly inhibited TBK1 phosphor-
ylation at Ser172 (Fig. 7e and Supplementary information, Fig. S7a).
TBK1 phosphorylation at tyrosine residues was also reduced in
Pyk2-silenced macrophages and CD1d-deficient macrophages
(Fig. 7e) indicating that Pyk2 might also promote tyrosine
phosphorylation of TBK1. Recent studies have shown the
phosphorylation of TBK1 at Tyr179 plays an important role in
enhancing TBK1 activity by priming its autophosphorylation.43 We
found that silencing of Pyk2 or CD1d deficiency attenuated the
TLR-induced TBK1 phosphorylation at Tyr179 (Fig. 7f and
Supplementary information, Fig. S10b, c). Moreover, iGb3 treat-
ment could markedly enhance TLR-induced TBK1 phosphorylation
at Tyr179 whereas iGb3 treatment alone did not trigger Tyr179
phosphorylation (Fig. 7f, Supplementary information Fig. S10a and
d). In vitro kinase assays revealed that recombinant Pyk2 protein
promoted not only the phosphorylation of TBK1 at Tyr179 but also
the ability of TBK1 to phosphorylate MBP (Fig. 7g). Reporter gene
assays also showed that Pyk2 promoted TBK1-mediated IFN-β
reporter activation in a kinase activity-dependent manner (Fig. 7h).
Taken together, these data demonstrate that the TLR-induced

generation of iGb3 can activate intracellular CD1d reverse
signaling which in turn promotes TLR-triggered innate responses
via Pyk2-mediated IKKβ and TBK1 activation (Supplementary
information, Fig. S11).

DISCUSSION
It is well-known that CD1d plays critical roles in antimicrobial
responses, antitumor immunity, and in regulating the balance
between tolerance and autoimmunity. Defects in CD1d are
correlated with impaired host immunity as well as immune

Fig. 6 Pyk2 interacts with IKKβ and TBK1. a Immunoblot analysis of IKKα, IKKβ, IKKγ, TBK1 and Pyk2 immunoprecipitated with Pyk2 Ab in
lysates of LPS-stimulated macrophages. b HEK293 cells were cotransfected with HA-IKKα, HA-IKKβ or HA-IKKγ plus Flag-Pyk2 followed by IP
with HA Ab and IB with Flag or HA Ab. c HEK293 cells were cotransfected with Myc-TBK1 and Flag-Pyk2 followed by IP with Myc Ab and IB with
Flag or Myc Ab. d, e GST pull-down assay of proteins after incubating GST-IKKβ (d) or GST-TBK1 (e) with recombinant Pyk2 protein. f, g HEK293
cells were transfected with wild type IKKβ or IKKβmutants (f), or wild type TBK1 or TBK1 mutants (g) plus Flag-Pyk2 followed by IP with Myc Ab
and IB with Flag or Myc Ab. h, i HEK293 cells were transfected with wild type Pyk2, Pyk2 mutants plus Flag-IKKβ (h) or Flag-TBK1 (i) followed by
IP with Myc Ab and IB with Flag or Myc Ab. Data are representative of three independent experiments
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disorders.19,21 However, these classical functions of CD1d are
reported to be exerted through CD1d-NKT cell axis. Here we
demonstrate that endogenously generated iGb3 in macrophages,
induced by TLR activation, can activate intracellular CD1d reverse
signaling and thus amplify TLR-triggered innate immune
responses. This sheds new light on the non-classical function of
CD1d in immune responses mediated by APCs but not NKT cells.
For the kinetics of iGb3 generation in macrophages, the enzymatic
activity of iGb3S and Hexb that pre-exists in macrophages may be
upregulated upon TLR ligation and contribute to the rapid
iGb3 synthesis at the early phase (within 15 min) of TLR signaling.
The TLR signal also significantly increases the expression levels of
iGb3S and Hexb after 15 min, which then rapidly generates more
iGb3. Thus, endogenous iGb3 generated at different time phases
of the response acts to give important positive feedback for the
full activation of TLR signaling.
Previous studies have indicated that the alteration in CD1d

expression may be associated with autoimmune diseases such as
rheumatoid arthritis and systemic lupus erythematosus.44,45 Since
the inflammatory response induced by endogenous TLR ligands

plays an important role in the development of autoimmune
diseases, it is reasonable that the alteration of CD1d’s expression
level and CD1d-mediated reverse signaling may lead to the
imbalance of inflammatory immune responses and development
of autoimmune disease. However, the role of CD1d in the
pathogenesis of inflammatory or autoimmune diseases is not
fully understood.
Lipids are not only the material basis for bioactivities but are

also crucial mediators in the induction and resolution of
inflammation. Lipid metabolism is under tight control to maintain
homeostasis. Dysregulated lipid metabolism is closely related to
the pathogenesis of various inflammatory and immune disor-
ders.46,47 In recent years, the close relationship between lipid
metabolism and immunity has attracted more and more attention.
It has been found the activation of immune cells couples with
enormous metabolic changes of lipids.10,11 More importantly, the
fate and function of immune cells such as macrophages can be
influenced by intracellular metabolic changes.1,48,49 GSLs are a
class of glycolipid characterized by complex glycan structures
linked to a ceramide backbone by a β-glycosidic bond.16 Little has

Fig. 7 Pyk2 promotes phosphorylation and activation of IKKβ and TBK1. a IB analysis of phosphorylated IKKβ or total IKKβ in lysates of Pyk2-
silenced macrophages or Cd1d–/– macrophages stimulated with LPS. b IB analysis of phosphorylated IKKβ or total IKKβ in lysates of
macrophages pretreated with iGb3 and then stimulated with LPS. c IB analysis of phosphorylated IKKβ and phosphorylated MBP with or
without pre-incubating IKKβ with Pyk2 recombinant protein. d Luciferase assay in lysates of HEK293 cells transfected with NF-κB-luc reporter
plasmids, plus IKKβ plasmid alone or together with wild type Pyk2 plasmid or Pyk2 kinase inactive mutant (Y402F). e IB analysis of
phosphorylated TBK1 or total TBK1 in lysates of LPS-stimulated Pyk2-silenced macrophages or Cd1d–/– macrophages after IP with TBK1 Ab. f IB
analysis of phosphorylated TBK1 or total TBK1 in lysates from Pyk2-silenced macrophages, Cd1d–/– macrophages or wild type macrophages
treated with iGb3, followed by stimulation with LPS. g IB analysis of phosphorylated TBK1 and phosphorylated MBP with or without
preincubation TBK1 with Pyk2 protein. h Luciferase assay in lysates of HEK293 cells transfected with IFN-β-luc reporter plasmids, plus TBK1
plasmid alone or together with Pyk2 plasmid or Pyk2 kinase inactive mutant (Y402F). Data are representative of three independent
experiments with similar results (a–c, e–g) or are from three independent experiments (d, h; mean ± SEM). **P < 0.01 (ANOVA)
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been known about the relation between GSL metabolism and
immune responses. In the present study, we describe substantial
changes in metabolic profiles of GSLs after TLR activation.
Importantly, one neutral GSL, iGb3, is found to be markedly
induced in TLR-stimulated macrophages. Consistent with our
results, Darmoise and colleagues have reported that TLR engage-
ment in DCs may lead to lysosomal accumulation of GSL, amongst
which the endogenous antigen iGb3 is also thought to
accumulate most abundantly.50 Moreover, our data demonstrate
that iGb3 is implicated to act as a lipid effector that promotes TLR-
triggered inflammatory responses providing new evidence on the
link between lipid metabolism and innate immunity. It is also
intriguing to explore further the function of iGb3-triggered CD1d
reverse signaling in metabolic disorders. In addition, there is a
need to explore whether other GSLs, whose expression levels are
significantly changed after TLR activation, may also be involved in
inflammatory and metabolic diseases.
The self-lipid iGb3 is proposed to be a natural ligand for

CD1d.15,33 Nevertheless, previous studies indicate the difficulty of
detecting iGb3 in mouse tissues by HPLC.32 Our collaborator
previously developed a specific and sensitive method based on
ion trap mass spectrometry for the detection of iGb3 from small
amounts of samples.16,51 They have developed a MS4 technique
that can detect and quantify iGb3 in a mixture of Gb3 and
iGb3 standards,52 and the presence of iGb3 in human and mouse
thymus or DCs.16,52 Our study, and another previous report, found
iGb3 to accumulate significantly in APCs after TLR ligand
stimulation50 indicating that iGb3 could act as the endogenous
antigen that is induced upon TLR activation. In addition, we
cannot formally exclude the possibility that iGb3 is synthesized
through an alternative pathway. For example, iGb3 can also be
generated in lysosomes through cleavage of iGb4 by Hexb. Apart
from iGb3, other endogenous ligands may also induce CD1d
reverse signaling in APCs and this needs to be further
investigated.
To explore the specificity of iGb3 to trigger CD1d reverse

signaling, we also investigated whether other GSLs (Gb3, LacCer,
β-GlucCer, β-GalCer, α-GalCer) had similar effects. Although the
structures of the above GSLs are similar to iGb3, they failed to
promote the activation of macrophages. The crystal structure of
the mouse CD1d-iGb3 complex has been revealed previously.53

We speculate that the specificity of iGb3 to trigger CD1d reverse
signaling may be due to its special structure and the induced
expression pattern after TLR ligation. Furthermore, we found that
iGb3 binding promoted TLR stimulation-induced phosphorylation
of Y332 in the cytoplasmic tail of CD1d, which was required for the
recruitment of downstream kinase Pyk2. It is also possible that the
binding of iGb3 to CD1d might result in the conformational
change of CD1d allowing it to be activated or phosphorylated.
Indeed, our results showed that a member of the Src protein
tyrosine kinase family might be involved in phosphorylating CD1d
at Y332. CD1d has also been reported to be associated with the
MHC class II molecule.54 CD1d ligation by antibody acted in
synergy with CD40 to activate APCs.24 Thus, after iGb3 binding,
the CD1d molecule possibly works in concert with MHC class II,
CD40 or other unknown proteins to activate reverse signaling, a
possibility that remains to be explored further. In addition, CD1d is
so far identified as the only known receptor of iGb3. There is a
remaining possibility to be investigated of whether other proteins
can bind iGb3 to mediate reverse signaling.
In conclusion, our study demonstrates that the iGb3 that is

endogenously generated after TLR activation can activate CD1d
reverse signaling in endosomal compartments. This, in turn,
enhances TLR-triggered innate immune responses to give positive
feedback. Our findings implicate a non-classical role of CD1d in
the inflammatory response and add a novel insight to the cross-
talk between lipid metabolism and innate immune responses.

MATERIALS AND METHODS
Mice
Mice deficient in CD1d (C.129S2-Cd1tm1Gru/J; Mouse Genome
Informatics accession code, 003814) were obtained from Jackson
Laboratories and were bred in specific pathogen-free conditions.
6- to 8-week-old littermates, matched for body weight and sex,
were used in all experiments. All animal experiments were in
accordance with the National Institute of Health Guide for the
Care and Use of Laboratory Animals, with the approval of the
Scientific Investigation Board of the Second Military Medical
University, Shanghai.

Antibodies and reagents
Antibodies to ERK phosphorylated at Thr202/Tyr204 (9106); JNK
phosphorylated at Thr183/Tyr185 (9255); p38 phosphorylated at
Thr180/Tyr182 (9211); NF-κB p65 phosphorylated at Ser536 (3033);
IκBα phosphorylated at Ser32/36 (9246); IRF3 phosphorylated at
Ser396 (4947); IKKα/β phosphorylated at Ser177/Ser181 (2697);
TBK1 phosphorylated at Ser172 (5483); Pyk2 phosphorylated at
Tyr402 (3291); Pyk2 (3292), IKKβ (8943), EEA1 (2411); Myc-tag
(2272), hemagglutinin-tag (2367); and β-actin (3700) were
obtained from Cell Signaling Technology. Antibodies to IKKβ
phosphorylated at Tyr188 (ab194519) or Tyr199 (ab195923) were
obtained from Abcam. Anti-CD1d (sc-373858) was obtained from
Santa Cruz. Anti-CD1d mAb (WTH-2 and 1B1) were from BD
Pharmingen. Anti-Flag (M2) was from Sigma. Rabbit polyclonal
antibodies to CD1d phosphorylated at Tyr332 and TBK1 phos-
phorylated at Tyr179 were generated by Abmart (Shanghai,
China). LPS (E.coli serotype 0111:B4) and Poly(I:C) were obtained
from Sigma. CpG-ODN was from InvivoGen. E. coli serotype 0111:
B4 was from the China Center for Type Culture Collection. Listeria
monocytogenes was provided by Dr. H. Shen (University of
Pennsylvania). CD1d tetramers used to identify NKT cells were
from ProImmune (Oxford, UK). Inhibitors for ERK, JNK, p38 and NF-
κB were from Merck Millipore.

Cell culture and transfection
Mouse bone marrow-derived DCs (BMDCs) were generated as
described.54 Mouse BMDCs were prepared from bone marrow
progenitors cultured in 25 ng/mL rmGM-CSF and 10 ng/mL rmIL-
4 (R&D Systems). Nonadherent cells were gently washed out on
the third day of culture; the remaining loosely adherent clusters
were cultured to the 6th day. Thioglycollate-elicited mouse
peritoneal macrophages were prepared and cultured in
endotoxin-free RPMI-1640 medium (PAA) with 10% FCS (Gibco)
as described.55 Mouse peritoneal macrophages were transfected
with siRNA duplexes (Dharmacon) using Lipofectamine RNAi-
MAX reagent (ThermoFisher Scientific) according to standard
protocols or transfected with plasmids through nucleofection by
using a Macrophage Nucleofector kit (Lonza). The HEK293 cells
(American Type Culture Collection) were transfected with JetPEI
reagents (PolyPlus).
The culture of human monocyte-derived DCs was performed

as described.56 Human peripheral blood mononuclear cells
(PBMCs) were isolated from blood samples of healthy donors
through Ficoll Paque Plus (GE healthcare) density gradient
centrifugation. The experiments were approved by the Ethics
Committee of the Second Military Medical University and
informed donor consent was obtained. Monocytes were purified
from PBMCs using anti-CD14 microbeads (Miltenyi Biotech) and
then cultured in RPMI-1640 Medium (PAA) with 10% (vol/vol)
FCS (Gibco) containing 100 ng/mL human GM-CSF and 20 ng/mL
IL-4 (R&D Systems). Half of the medium was replaced with fresh
medium containing GM-CSF and IL-4 at day 3. Human DCs were
harvested on day 6 and then transfected with siRNA duplexes
(Dharmacon) through nucleofection using a human DC Nucleo-
fector kit (Lonza).
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Cytokine detection
TNF, IL-6 and IFN-β in supernatants and sera were measured with
ELISA kits (R&D Systems).

Lung histology
Lungs from LPS-challenged Cd1d+/+ and Cd1d−/− mice were
dissected, fixed in 10% phosphate-buffered formaldehyde,
embedded into paraffin, sectioned, stained with hematoxylin
and eosin solution, and examined by light microscopy for
histological changes.

Confocal microscopy
Macrophages plated on glass coverslips in six-well plates were left
unstimulated or stimulated with LPS, iGb3 or LPS plus iGb3. Then,
cells were fixed with 4% paraformaldehyde for 15 min and
permeabilized with 0.2% Triton X-100 for 5 min. After blocking
with 5% BSA, cells were labeled with anti-CD1d, anti-EEA1 or anti-
Pyk2 antibody followed by staining with appropriate secondary
antibodies. The immuno-stained cells were observed with a Leica
TCS SP2 confocal laser microscope.

Assay of luciferase reporter gene expression
HEK293 cells were cotransfected with a mixture of the appropriate
luciferase reporter plasmid, pRL-TK-renilla-luciferase plasmid and
the additional constructs. Equivalent amounts of total plasmid
DNA were used by adding empty control vector. Luciferase
activities were measured using the Dual-Luciferase Reporter Assay
system (Promega) according to the manufacturer’s instructions.
Data were normalized for transfection efficiency by dividing firefly
luciferase activity with that of renilla luciferase.

Membrane protein extraction
Macrophage membrane proteins were extracted using the Mem-
PER Eukaryotic Membrane Protein Extraction Reagent Kit (Pierce)
according to the manufacturer’s instructions. A second extraction
was performed for more efficient enrichment of integral
membrane proteins. The hydrophilic phase containing
cytoplasmic proteins (the top layer) was separated from the
hydrophobic phase containing plasma membrane proteins (the
bottom layer).

Immunoprecipitation and immunoblot analysis
Cells were lysed with cell lysis buffer (Cell signaling Technology)
supplemented with a protease inhibitor ‘cocktail’ (Merck Milli-
pore). Protein concentrations in the extracts were measured by
the BCA assay (Pierce). Immunoprecipitation and immunoblot
analysis were performed as described.55 For immunoblot analysis,
equal amounts of extracts were separated by SDS-PAGE and then
transferred onto nitrocellulose membranes and detected with
appropriate antibodies. For immunoprecipitation, proteins were
immunoprecipitated from cell lysates with appropriate antibodies,
separated by SDS-PAGE, and subjected to immunoblot analysis.

GST pull-down assay
GST-tagged IKKβ or TBK1 protein (Abcam) was incubated with
recombinant Pyk2 protein (Creative Biomart) at 4 °C for 30 min,
further incubated with glutathione-Sepharose 4B (Pierce) for 2 h in
immunoprecipitation buffer. After washing 3 times, the precipi-
tates were subjected to immunoblot analysis.

In vitro kinase assay
Purified active IKKβ or TBK1 protein (Abcam) was preincubated
with active Pyk2 protein (Creative Biomart) in ice water for 15 min.
Then MBP and a magnesium-ATP ‘cocktail’ (Upstate) were added,
followed by incubation for 20 min at 30 °C. Samples were
subjected to immunoblot analysis with antibody to phosphory-
lated IKKβ, TBK1 or MBP.

Bone marrow transplantation
A 1:1 mixture of bone marrow cells (1 × 107) from Cd1d+/+ and
Cd1d–/– mice or bone marrow cells from Cd1d+/+ mice alone were
transplanted into lethally irradiated wild type mice (cumulative
dose, 10 Gy) by injection into the tail vein. Eight weeks
later, NKT cells in liver were separated and analyzed by flow
cytometry.

Electrospray ionization linear-ion-trap mass spectrometry (ESI-LIT-
MS) of GSLs
GSLs from mouse peritoneal macrophages were extracted and
permethylated. Mass spectrometric (MS and MSn) analyses were
carried on a linear ion-trap mass spectrometer (LTQ, Thermo
Finnigan, San Jose, CA) as described.16,51,52 The relative abun-
dances of major product ions appearing in the MS4 spectra
(1215→ 667→ 445→ ) were plotted with respect to the percen-
tage of iGb3 in these mixtures. Specifically, plots were made using
abundance ratios of the ions m/z 211, 371, 329, as follows: [A(iGb3)
211+ A(iGb3)371]/[A(iGb3)211+ A(iGb3)371+ 2 × A(Gb3)329].

Nanospray liquid chromatography-tandem mass spectrometry
Immunoprecipitation was performed using anti-CD1d antibody
upon lysates of LPS-stimulated macrophages (3 × 108). The
immunoprecipitated proteins were eluted and digested, followed
by analysis with reverse-phase nanospray liquid chromatography-
tandem mass spectrometry. Data from liquid chromatography-
tandem mass spectrometry were processed through ProteinLynx
Global Serverversion 2.4 (PLGS 2.4); the resulting peak lists were
used for searching the NCBI protein database with the Mascot
search engine.

Establishment of endotoxin shock models and bacterial infection
Cd1d+/+ and Cd1d–/– mice were intraperitoneally injected with
LPS, Poly(I:C) or CpG ODN at a dose of 15, 20 or 20 mg per kg body
weight, respectively. For bacterial infection, Cd1d+/+ and Cd1d−/−

mice were injected intraperitoneally with 1 × 107 E.coli (strain
0111.B4) or injected intravenously with 1 × 104 Listeria mono-
cytogenes. Sera were then collected for measurement of cytokines
by ELISA (or colony-forming units for E. coli). Spleens or livers were
collected and lysed for measurement of colony-forming units
(Listeria monocytogenes) as previously described.30

Statistical analysis
The statistical significance of comparisons between two groups
was determined using an unpaired Student’s t test. One-way
ANOVA was used for comparison of more than 2 groups. P values
of less than 0.05 were considered statistically significant.
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