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Sepsis is a life-threatening systemic inflammation due to dys-
regulation of the host response to bacterial infection and 
causes more than 250,000 annual deaths in the United States 

as well as a great medical-care cost burden to patients1. Numerous 
clinical trials with the aim of alleviating septic conditions have been 
unsuccessful2. Upon infection, neutrophils protect the host using 
bactericidal signals through interleukin (IL)-8/C-X-C chemokine 
receptor type 2 (CXCR2) and formylated peptide/formyl peptide 
receptor3. Under septic conditions, however, such bactericidal 
activity of neutrophils is impaired because of the uncontrollable 
activation of inflammatory signaling through TLR/MYD88, mak-
ing neutrophils less apoptotic and chemotactic4. Thus, developing 
methods of suppressing the TLR/MYD88 response without affect-
ing the signaling pathway of CXCR2 or formyl peptide receptor may 
prevent host damage, while maintaining the antibacterial activity of 
neutrophils, leading to improved survival of patients with sepsis and 
breakthroughs in the clinical setting.

Saturated fatty acid (SFA) activates TLR signaling and generates 
proinflammatory conditions5. However, the precise mechanism by 
which SFA facilitates TLR responses remains poorly understood. 
Previously, numerous studies have focused on exogenous SFA, 
which has been suggested to directly stimulate TLR6 or to change 
the lipid raft composition of the plasma membrane7. However, a 
recent paper challenged the current concept, with structural evi-
dence showing that SFA is not a TLR4 agonist, suggesting a dif-
ferent method of activating TLRs by SFA8. In contrast, fatty acid 
synthase (FASN) generates endogenous de novo fatty acids that are 
also important regulators of signal transduction; emerging evidence 
suggests that endogenous fatty acids regulate inflammation and the 
immune system9,10. We predicted that fatty acids can modulate TLR 
signaling in a different manner from the established route.

Endogenous fatty acids synthesized by FASN can be converted to 
palmitoyl-CoA and incorporated into cysteine residues of the pro-
tein via thioester linkage in a process known as S-palmitoylation. 
Extensive studies have revealed diverse roles of palmitoylation in 
protein trafficking and subcellular localization11. However, very 
little is known about whether palmitoylation directly influences 
inflammatory signaling, particularly TLR/MYD88 signaling, and 
whether it is dynamically regulated in the immune system.

Here, we demonstrate that treatment with C75 (1), an FASN 
inhibitor, enhanced the chemotactic activity of neutrophils and 
improved the survival of mice under septic conditions in  vivo. 
In vitro experiments showed that MYD88, a common adapter mole-
cule in the TLR family, was palmitoylated. By comparing the effects 
of different FASN inhibitors, we demonstrated that MYD88 palmi-
toylation is affected by both de novo fatty acid synthesis and CD36-
mediated exogenous fatty acid incorporation. Mass spectrometric 
analysis showed that MYD88 was palmitoylated at cysteine 113 and 
cysteine 274. The ZDHHC6 enzyme was the strongest candidate for 
MYD88-specific palmitoyl-acyl transferase (PAT). In  vitro analy-
ses of MYD88 palmitoylation after treatment with FASN inhibi-
tors, cysteine mutagenesis or PAT knockdown decreased the TLR4 
response, revealing a novel regulatory mechanism of inflammation.

Results
C75, a FASN inhibitor, improves the survival of septic mice. To 
investigate the potential role of endogenous fatty acid synthesis in 
inflammation, C57BL/6J mice subjected to a cecal ligation punc-
ture (CLP) were treated with C75 (Fig. 1a). Compared to DMSO-
treated mice, C75-pretreated mice (4 h before CLP procedure) had 
a higher survival rate and the median overall survival was extended 
from 4.0–8.5 d (Fig. 1b); additionally, a lower bacterial burden was 
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observed in the peritoneal exudate (Fig. 1c), suggesting that the 
FASN inhibitor may be useful as a therapeutic agent under early 
septic conditions. In another in  vivo model intraperitoneally 
injected with lipopolysaccharide (LPS; 45 mg kg−1), C75-pretreated 
mice showed better survival (Supplementary Fig. 1). LPS-induced 
inflammation at the bacterial infection site is known to impair 
neutrophil migration. This process involves p38 mitogen-activated 
protein kinase (MAPK) activation that can promote CXCR2 inter-
nalization to desensitize bactericidal signals produced by neighbor-
ing cells4,12. We found that C75 treatment inhibited LPS-induced 
internalization of surface CXCR2 (Fig. 1d and Supplementary Fig. 
2) and improved the chemotactic ability of neutrophils toward only 
IL-8 in the presence of LPS by blocking LPS-induced activation of 
TLR signaling (Fig. 1e). An enhanced chemotactic response to IL-8 
was also observed when FASN expression was downregulated by 
human short hairpin RNA in a DMSO-differentiated HL-60 cell 
line (Fig. 1f). These data indicate that inhibiting FASN prevents the 
desensitization of neutrophils, such as internalization of CXCR2, 
upon bacterial infection. Taken together, pharmacologic inhibition 
of FASN may play a therapeutic role in vivo by effectively inhib-
iting septic inflammation and improving survival by modulating 
TLR signaling.

FASN inhibitor specifically decreases TLR signaling. To explain 
the observed in vivo effect of C75 in TLR-mediated inflammation, 
we isolated neutrophils and exposed them in vitro to three differ-

ent stimulants, namely LPS, IL-8 or N-formyl-methionyl-leucyl-
phenylalanine (fMLP). We evaluated whether neutrophil activation 
was prevented by pretreatment with C7513. All three stimulants 
resulted in a dented and activated morphology of neutrophils in the 
DMSO-pretreated control group; C75 treatment specifically blocked 
LPS-induced morphological changes, whereas it did not affect IL-8- 
or fMLP-induced neutrophil activation (Fig. 2a). We also performed 
fluorescence-activated cell sorting (FACS) analysis of neutrophil 
activation, such as the shedding of L-selectin and induction of 
CD11b. C75, a FASN inhibitor, blocked only LPS-induced neutro-
phil activation but not IL-8- or fMLP-induced activation (Fig. 2b). 
Furthermore, treatment with C75 effectively blocked LPS-induced 
p38MAPK activation in neutrophils (Fig. 2c). To rule out the pos-
sibility that the observed effect was due to C75 toxicity, we analyzed 
the apoptotic cell population after pretreatment of C75 in human 
neutrophils and observed no significant difference in the non-
apoptotic cell population (Supplementary Fig. 3). Moreover, gross 
morphology did not differ between the two groups. Because neu-
trophils are the first leukocytes to be recruited to an inflammatory 
site, we used a ‘carrageenan-induced air pouch’ model14 to deter-
mine whether FASN inhibition inhibits TLR-dependent neutrophil 
migration in vivo. When inflammation was induced by carrageenan 
to stimulate TLR4 signaling in the air pouch, C75-pretreated mice 
showed fewer infiltrated neutrophils than DMSO-pretreated mice 
(Fig. 2d). Thus, our results demonstrate that C75 specifically inhib-
its TLR-induced neutrophil activation in vitro and in vivo.
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Fig. 1 | A FASN inhibitor, C75, lengthens the survival of mice with sepsis. a, Chemical structure of C75. b, Survival of CLP model mice pretreated 
with DMSO or C75 (7.5 mg kg−1 body weight) (n = 21 per group). Statistical analysis was conducted by a log-rank test. *P = 0.0302. c, CLP model mice 
pretreated with DMSO or C75 (3.75 mg kg−1 body weight) and bacterial counts in peritoneal fluid cultures at 24 h after the CLP model were counted  
(n = 6 per group). Statistical analysis was conducted by a two-tailed unpaired Student’s t-test. *P = 0.0422. d, Isolated human neutrophils were cultured 
with DMSO or C75 and for 1 h with 1 µg ml−1 LPS. Representative flow cytometry plot of surface expression of CXCR2 (n = 4 independent experiments).  
e, Transwell migration assay of human neutrophils. Migrated cells to 30 ng ml−1 human IL-8 were determined (n = 3 biologically independent samples 
for lane 1; n = 4 for lane 2 and 3; and n = 5 for lane 4 and 5). Statistical analysis was conducted by one-way ANOVA followed by a post hoc Tukey’s test. 
*P = 0.0160, #P = 0.0117 and ¶P = 0.0299. f, After 7 d of HL-60 differentiation in 1.3% DMSO, human shFASN or shControl (Cont) was transfected with 
electroporation and Transwell migration assay was performed. Migrated cells to 30 ng ml−1 human IL-8 were determined (n = 4 replicates per group). 
Statistical analysis was conducted by one-way ANOVA followed by post hoc Tukey’s test. *P = 0.0396, ***P = 0.0003, ###P = 0.0008. For c,e,f, data are 
presented as the mean ± s.e.m.
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experiments). Scale bar, 200 μm. b, Blood neutrophils were analyzed for surface L-selectin and CD11b expression changes by flow cytometry (n = 3 
independent experiments). c, Immunoblot analysis of total and phospho-p38MAPK in isolated human neutrophils pretreated with DMSO or 10 μM C75 
and treatment with 100 ng ml−1 LPS (n = 4 independent experiments). d, Schematic drawing of the air pouch model. Absolute neutrophil counts in the air 
pouch were compared between the DMSO- and C75-treated groups (n = 16 for the DMSO-treated group and n = 14 for the C75-treated group). Statistical 
analysis was conducted by a two-tailed Mann–Whitney U test. ***P = 0.0001. Data are presented as the mean ± s.e.m. e, Activation and morphologic 
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In TLR signaling, each adapter is differentially used by different 
receptor complexes. To further investigate the inhibitory mecha-
nism of C75 in TLR signaling, we used purified Pam3CSK4 (TLR2 
agonist), LPS (TLR4 agonist) and R848 (TLR7-8 agonist) to acti-
vate different TLR signaling pathways. Agonist-induced neutrophil 
activation was blocked by C75, maintaining the normal and round 
morphology of the cells (Fig. 2e). Transcript levels of the MYD88-
dependent proinflammatory cytokine TNF messenger RNA were 
downregulated by C75, while those of the MYD88-independent 
proinflammatory cytokine IFNB1 mRNA were unaffected in 
neutrophils (Supplementary Fig. 4a,b). A previous study showed 
that the MYD88-independent pathway (TLR3) is not activated in 
mature human neutrophils15 and our data suggest that C75 inhibits 
only MYD88-dependent pathways. We therefore hypothesized that 
C75 acts downstream of a common adapter molecule of TLR signal-
ing, MYD88 (Supplementary Fig. 4c).

FASN regulates MYD88-dependent inflammation. To search 
for a downstream molecular target of C75, we used the nuclear 
factor (NF)-κB luciferase gene reporter system. At the plasma 
membrane level, LPS-activated NF-κB luciferase, which was dose-
dependently blocked by C75 in hTLR4-293T cells. However, at the 
submembrane or cytoplasmic level, overexpression of MYD88, 
TRAF6, IKBKB or RELA activated NF-κB luciferase, which was 
not blocked by C75 (Fig. 3a). Because MYD88 overexpression can 
cause death-domain self-dimerization and subsequent nonspecific 
downstream activation independently of TLR16–18, we generated 
a MYD88-GyrB stable cell line from hTLR4-293T cells by fusing 
the C-terminus of MYD88 with the subunit of Escherichia coli 
DNA gyrase17,19. MYD88-GyrB dimerizes only on binding with the 
Streptomyces product, coumermycin (2), and elicits the TLR signal 
to bypass the TLR4 surface receptor. In the MYD88-GyrB stable 
cell line, dimerization of MYD88 by coumermycin activated phos-
pho-p65 and degraded IκBα that was dose-dependently blocked by 
C75 (Fig. 3b). Consistent results were obtained in the NF-κB lucif-
erase assay in which C75 blocked coumermycin-induced NF-κB 
activation (Supplementary Fig. 5) and the reduction in NF-κB 
activity was similar to that observed following genetic inhibition 
of FASN with targeting shRNA (Fig. 3c). Taken together, these 
results indicate that C75 targets the machinery of MYD88 dimer-
ization such as the intermediate (INT) or TIR domain of MYD88 
(Supplementary Fig. 6).

To investigate the direct effect of FASN on MYD88, coimmu-
noprecipitation and proximity ligation assays were conducted. 
The results suggest a physical interaction between FASN and 
MYD88 (Supplementary Fig. 7). Because FASN is an enzyme 
known to produce palmitate as its primary product, we evalu-
ated MYD88 palmitoylation. GPS-Lipid, a free software recently 
developed for the comprehensive prediction of lipid modification 
sites20, supported our hypothesis that at a default threshold, cys-
teine at positions 113, 166, 192 and 274 were identified as potent 
S-palmitoylation sites in the MYD88 protein (Supplementary Fig. 
8). Accordingly, the NF-κB luciferase assay revealed that treat-
ment with a well-known palmitoylation inhibitor, 2-bromopalmi-
tate (2-BP) (3), decreased NF-κB activation, while treatment with 
palmostatin B (4)21 that is known to increase steady-state pal-
mitoylation by inhibiting depalmitoylating enzyme acyl-protein 
thioesterase-1, enhanced NF-κB activation in the MYD88-GyrB 
stable cell line treated with coumermycin (Fig. 3d). Additionally, 
when all cysteine residues were mutated to alanine (MYD88-CA), 
both coumermycin- and LPS-induced p38MAPK activation were 
inhibited (Supplementary Fig. 9a,b). The competitive inhibi-
tor of coumermycin, novobiocin, completely blocked coumer-
mycin-induced p38MAPK activation (Supplementary Fig. 9c),  
confirming that the MYD88-GyrB fusion protein does not exhibit 
nonspecific activation unless cells are exposed to coumermy-

cin stimulation. Therefore, the cysteine residues of MYD88 are 
important in TLR signaling and FASN-associated palmitoylation 
may account for the mechanism of MYD88-dependent TLR  
signaling activation.

Two sources of palmitate for MYD88 palmitoylation. We used 
an in  vitro acyl-biotin exchange (ABE) assay and click chemistry 
method to test the palmitoylation of MYD88. After transiently 
overexpressing wild-type (WT) MYD88 and CS-mutant MYD88, in 
which all cysteine residues were mutated to serine (MYD88-CS), 
we detected a specific band in the hydroxylamine-treated sample 
of WT MYD88, whereas it completely disappeared in MYD88-CS 
(Fig. 4a). Moreover, treatment with 2-BP significantly inhibited 
WT MYD88 palmitoylation (Supplementary Fig. 10a). The click 
chemistry method also revealed palmitoylated MYD88 only in the 
17-octadecynoic acid (ODYA) (5)-treated group. Treatment with 
hydroxylamine completely detached 17-ODYA-labeled MYD88, 
confirming that the detected band was specific for palmitoylated 
MYD88 (Fig. 4b). Furthermore, an In-Gel fluorescence detection 
method after the click reaction revealed a distinct band the size of 
MYD88 in the 17-ODYA-treated group (Supplementary Fig. 10b), 
confirming MYD88 palmitoylation. MYD88 palmitoylation was 
nearly completely blocked 2 h after C75 treatment (Supplementary 
Fig. 10c) and was not induced by LPS (Supplementary Fig. 10d). 
The observed palmitoylated MYD88 was also detected in endog-
enous THP-1 cells (Supplementary Fig. 10e).

On the basis of our hypothesis that FASN is required to supply 
the endogenous fatty acids required for MYD88 palmitoylation, 
shFASN RAW264.7 cells were generated to evaluate the changes in 
MYD88 palmitoylation levels. The ABE assay demonstrated that 
MYD88 palmitoylation was reduced in shFASN cells compared 
to control cells (Fig. 4c). Furthermore, pretreatment with C75 
and cerulenin (6) effectively inhibited MYD88 palmitoylation 
in hTLR4-293T-GyrB cells (Supplementary Fig. 10f), suggesting 
that MYD88 is FASN-dependently palmitoylated. However, treat-
ment with another potent FASN chemical inhibitor, GSK2194069 
(7), did not inhibit MYD88 palmitoylation and TLR activation 
(Supplementary Fig. 11). Previous studies showed that FASN 
protein can regulate membrane cholesterol levels10, which is 
important for the influx of exogenous palmitate and that different 
chemical inhibitors that bind to different subdomains of FASN 
may have different impacts on cholesterol synthesis22. C75 or 
cerulenin inhibits FASN in the ketoacyl synthase domain, which 
may decrease the production of acetoacetyl-CoA, a potent pre-
cursor of cholesterol synthesis, leading to decreased cholesterol 
synthesis. In contrast, GSK2194069 inhibits the ketoacyl reduc-
tase domain of FASN and increases acetoacetyl-CoA levels, lead-
ing to increased cholesterol synthesis. We hypothesized that the 
FASN protein maintains the total intracellular palmitate pool by 
both regulating the influx of exogenous fatty acids through mem-
brane cholesterol level and producing endogenous fatty acids. We 
examined whether treatment with cholesterol reversed the C75-
mediated inhibition of MYD88 palmitoylation. Treatment with 
acetoacetyl-CoA, β-hydroxy β-methylglutaryl (HMG)-CoA and 
cholesterol reversed C75 inhibition of MYD88 palmitoylation, 
while treatment with exogenous palmitate alone did not (Fig. 
4d). This result suggests that the mechanisms of C75 to inhibit 
MYD88 palmitoylation are twofold: (1) inhibition of de novo syn-
thesis of endogenous palmitate and (2) suppression of membrane 
cholesterol contents leading to decreased influx of exogenous pal-
mitate. We hypothesized that, in contrast to C75, GSK2194069 
may increase membrane cholesterol leading to the influx of exog-
enous palmitate. To further validate our hypothesis, we treated 
MYD88-transfected hTLR4-293T cells with GSK2194069 during 
culture in delipidated FBS media to block both, de novo synthesis 
of endogenous palmitates and influx of exogenous palmitate. The 
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result showed that depleting exogenous fatty acids and inhibit-
ing de novo fatty acid synthesis blocked MYD88 palmitoylation 
(Supplementary Fig. 12a) and TLR signaling (Supplementary Fig. 
12b). Next, to evaluate the effect of blocking exogenous fatty acid 
transport on MYD88 palmitoylation, we treated the cells with 
50 µM of sulfo-N-succinimidyl oleate (SSO) (8), an inhibitor of 
the long-chain fatty acid transporter, CD36. Either SSO (inhibitor 
of influx of exogenous palmitate) or GSK2194069 (inhibitor of 
synthesis of endogenous palmitate) alone slightly decreased the 
amount of MYD88 palmitoylation. But, combination treatment 
with SSO and GSK2194069 completely blocked MYD88 palmi-
toylation (Supplementary Fig. 12c) and LPS-activated TLR sig-
naling (Supplementary Fig. 12d). These results suggest that a total 
intracellular palmitate pool comprising both de novo-synthesized 
palmitate and incorporated exogenous palmitate is an important 

source of palmitate-mediated posttranslational modification  
of MYD88.

MYD88 is palmitoylated at cysteine 113 and 274. MYD88 pro-
tein contains nine cysteine residues, all of which are highly con-
served among vertebrates. Only the first residue (C113) resides 
in the INT domain, while others are within the TIR domain 
(Supplementary Fig. 13). To identify specific palmitoylation sites 
in MYD88, we performed MS analysis. Briefly, (1) the free sulf-
hydryl groups were bound and blocked with N-ethylmaleimide 
(NEM); (2) the palmitoylated cysteine residue was de-palmi-
toylated by treatment with hydroxylamine; (3) cysteine residues 
that were initially palmitoylated and then de-palmitoylated with 
hydroxylamine were bound and marked with N-methylmaleimide 
(NMM)23 (Supplementary Fig. 14a). Liquid chromatography–mass 
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transiently overexpressing MYD88 WT and CS analyzed with anti-MYD88 (n = 10 independent experiments). IP, immunoprecipitation. b, Total 17-ODYA-
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immunoblotted with anti-MYD88 (n = 3 independent experiments). d, ABE analysis of FLAG-MYD88-transfected hTLR4-293T cells pretreated with C75 
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spectrometry analysis identified two NMM-modified MYD88 pep-
tides containing Cys 113 and Cys 274 positions (Fig. 4e). Collision-
induced dissociation analysis of the precursor ion at m/z 780.72 
identified an NMM modification at the Cys 113 position with high 
confidence (Supplementary Fig. 14b), while modification of NMM 
in the Cys 274 showed low confidence but the corresponding MS2 
spectrum supported the modification (Supplementary Fig. 14c). 
To confirm the predicted palmitoylation sites from MS analysis, 
an ABE assay was performed using hTLR4-293T cells transiently 
overexpressing a series of mutant MYD88-GyrB plasmids: MyD88 
C113A, C274A, C113/274A or CA mutant plasmid. Compared to 
WT MYD88, all mutant MYD88 (C113A, C274A, C113/274A and 
CA) showed decreased palmitoylation levels (Fig. 4f), confirming 
that the C113 and C274 residues were palmitoylated.

IRAK4 recruitment requires MYD88 palmitoylation. To evaluate 
the function of MYD88 palmitoylation, NF-κB luciferase activity 
was measured using WT and various mutant MYD88-GyrB stable 
cell lines. The dimerization inducer, coumermycin, activated NF-κB 
luciferase, which was significantly inhibited in the C113A and CA 
mutants. As expected, when alanine at position 113 was reversed 
back to cysteine from the CA mutant (CA113C), NF-κB luciferase 
activity was rescued (Fig. 5a). Furthermore, p38MAPK signal acti-
vation induced by coumermycin in MYD88-GyrB stable cells was 

effectively inhibited in the C113A mutant and completely inhibited 
in the CA mutant that was partially rescued in the CA113C reverse 
mutant (Fig. 5b).

Previous studies suggested that an alternatively spliced variant 
of MYD88 that lacks an INT domain, negatively regulates IL-1/
TLR signaling because of defective IRAK4 recruitment to the 
myddosome complex24,25. Moreover, amino acids in MYD88 criti-
cal for IRAK4 binding (E110, E111 and D112) are adjacent to C113 
within the INT domain26. We therefore hypothesized that C113 
palmitoylation affects IRAK4 recruitment during signal transmis-
sion. Compared to WT MYD88, CA and C113A MYD88 failed to 
interact with IRAK4; however, the CA113C reverse mutant restored 
the interaction with IRAK4, confirming the importance of MYD88 
C113 palmitoylation in recruiting IRAK4 (Fig. 5c). To rule out 
the possibility that defective binding with IRAK4 occurs because 
of structural disruption by alanine mutation, we used a chemical 
FASN inhibitor and palmitoylation inhibitor, C75 and 2-BP, respec-
tively. Binding of IRAK4 to MYD88 was significantly retarded by 
C75 or 2-BP, confirming that FASN-dependent MYD88 palmi-
toylation is crucial for IRAK4 recruitment (Fig. 5d). In contrast, 
MYD88 palmitoylation did not affect its self-dimerization, indicat-
ing a specific role for palmitoylation in the INT domain of MYD88 
(Supplementary Fig. 15). Moreover, mutating the E52 of MYD88, 
which was previously reported as a key amino acid for IRAK4 
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binding27, to alanine (E52A) had no effect on NF-κB activation by 
MYD88 overexpression (Supplementary Fig. 16), indicating that 
in vitro activation of NF-κB in an MYD88 overexpression model by 
its self-dimerization was independent of IRAK4 and could not be 
blocked by the FASN inhibitor.

ZDHHC6 palmitoylates MYD88. Protein palmitoylation is medi-
ated by a family of PAT enzymes containing a conserved zinc-finger 
domain and DHHC motif (ZDHHC)28. A total of 23 mammalian 
ZDHHC proteins have been identified, 17 of which are known to 

have PAT activity29,30. We screened all 23 ZDHHC enzymes to iden-
tify the one responsible for MYD88 palmitoylation. First, we tested 
the mRNA expression of 23 enzymes in THP-1 and RAW264.7 cells 
by real-time PCR (Supplementary Fig. 17a). Next, we performed 
an overexpression screening assay31 involving overexpression of 
each ZDHHC plasmid to identify any palmitoyltransferases target-
ing MYD88 (Supplementary Fig. 17b). We selected ZDHHC6 as a 
potent palmitoyltransferase for MYD88 as (1) abundant expression 
was observed in both cell lines and (2) overexpression increased 
MYD88 palmitoylation. A proximity ligation assay revealed an 
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endogenous MYD88–ZDHHC6 interaction in the perinuclear 
region (Fig. 6a) and coimmunoprecipitation in FLAG-ZDHHC6-
overexpressing cell lysates showed potent interactions with endoge-
nous MYD88 (Supplementary Fig. 18). We performed an ABE assay 
using shZDHHC6 RAW264.7 cells to monitor changes in MYD88 
palmitoylation levels. In contrast to shNT control cells, different 
clones of shZDHHC6 cells failed to palmitoylate MYD88 (Fig. 6b). 
In contrast, when FLAG-ZDHHC6 was overexpressed in hTLR4-
293T cells, the level of MYD88 palmitoylation was higher than in 
the control group (Fig. 6c). To validate the functional significance 
of these results, we designed shZDHHC6 knockdown cell lines and 
tested the activation of the downstream signal by LPS in shZDHHC6 
cells. Compared to shNT cells, shZDHHC6 cells showed markedly 
reduced p38MAPK (Fig. 6d) and NF-κB p65 activation (Fig. 6e). We 
also observed a similar pattern of TLR signaling inhibition using 
siRNA targeting ZDHHC6 (Supplementary Fig. 19). Taking these 
results together, the ZDHHC6 enzyme may be a potent palmitoyl-
transferase responsible for MYD88 palmitoylation in macrophages 
and neutrophils (Supplementary Fig. 20).

Discussion
There has been great expansion in our knowledge of fatty acid 
metabolism and its possible role in modulating inflammatory con-
ditions. However, the direct molecular mechanisms underlying how 
endogenously synthesized free fatty acids contribute to the innate 
immune responses remain less well understood. In most cancer 
cells, de novo fatty acid synthesis is often facilitated to synthesize 
membranes and signaling molecules32. In contrast, in normal cells, 
exogenous lipids act as ligands for nuclear hormone receptors 
including LXR, RXR and PPARs to transmit proper inflammatory 
signals33,34. The possible involvement of endogenous fatty acids in 
normal cell inflammation has recently been suggested; FASN, a pro-
ducer of endogenous free fatty acids, is activated in LPS-induced 
macrophages10,35. Moreover, alternating membrane lipid composi-
tions controlled by fatty acid metabolism are thought to modulate 
TLR4 signaling in the innate immune system33,36. We identified a 
previously undescribed neutrophil response to the FASN inhibitor 
C75 which is specific for MYD88-dependent TLR signaling path-
ways. Our identification of a previously unknown palmitoylation 
of the common adapter molecule MYD88 provides mechanistic 
insight into how MYD88-dependent TLR signaling is associated 
with endogenous fatty acid metabolism.

Although we identified two palmitoylation sites (C113 and C274) 
in MYD88 protein, p38MAPK and NFκB-p65 activation was signif-
icantly impaired in C113A MYD88. Notably, C113A MYD88 alone 
showed defective IRAK4 binding, emphasizing the importance of 
C113 palmitoylation in facilitating TLR signaling. Our finding is 
consistent with previous findings showing that the INT domain of 
MYD88 is critical for IRAK4 recruitment and subsequent down-
stream TLR activation. Because IRAK4 is downstream of MYD88, 
MYD88 palmitoylation in IRAK4 recruitment is in conflict with the 
finding that NF-κB activation by MYD88 overexpression was not 
blocked by the FASN inhibitor. However, even when we mutated 
the death domain residing in E52 of MYD88 that was previously 
reported as a key amino acid for IRAK4 binding27, to alanine 
(E52A), NF-κB was activated by overexpression of E52A MYD88. 
This result indicates that C113 MYD88 palmitoylation in associa-
tion with IRAK4 is a physiologically relevant mechanism, whereas 
in vitro NF-kB activation by MYD88 overexpression is independent 
of IRAK4.

Intracellular dynamics of palmitoylation are regulated by a fam-
ily of 23 ZDHHC enzymes that are defined by the presence of a 
conserved 51-amino acid zinc-finger domain containing a highly 
conserved DHHC (Asp-His-His-Cys) tetra peptide. Most ZDHHC 
enzymes localize to cellular membranes, including the endoplas-
mic reticulum (ER), Golgi apparatus and plasma membrane37. In 

this study, we showed that ZDHHC6 catalyzes MYD88 palmi-
toylation and observed downregulated inflammatory responses 
when ZDHHC6 was knocked down. Some pleiotropic mechanisms 
may exist to decrease the inflammatory response by knockdown 
of ZDHHC6, as ZDHHC6 was previously shown to palmitoylate 
calnexin38 and regulate the functions of the inositol 1,4,5-triphos-
phate receptor39. However, we detected a palmitoyltransferase 
targeting MYD88 that participates in modulating TLR signaling 
in the innate immune system. In terms of spatial arrangement, 
ZDHHC6 localizes primarily in the ER37; how cytosolic MYD88 
interacts with ZDHHC6 remains unclear. One possible explana-
tion is the location where MYD88 mRNA is translated. Recent 
transcriptome-based studies have suggested that not only secre-
tory and membrane-targeted proteins but also cytosolic proteins 
can be translated in ribosomes associated with the ER40. We identi-
fied a ZDHHC6-MYD88 interaction that regulates inflammatory 
responses to bacteria, providing insight into how membrane-
associated ZDHHC proteins are associated with cytosolic protein 
and its palmitoylation.

FASN is involved in S-palmitoylation of important proteins, 
such as Wnt-1 in prostate cancer cells41, endothelial nitric oxide 
synthase in endothelial cells42 and Mucin2 in the colonic epithe-
lium43. As some proteins were reported to be FASN-dependently 
palmitoylated42, we examined the mechanism of FASN-dependent 
MYD88 palmitoylation. Our study suggests that FASN plays an 
important role in maintaining the total intracellular palmitate 
pool both by de  novo fatty acid synthesis and by maintaining 
exogenous fatty acid uptake via controlling membrane cholesterol 
levels. Our data are consistent with those in macrophage lineage-
specific FASN knockout mice showing an attenuated response to 
inflammation with changes in lipid composition10. We also found 
that ZDHHC6 is a potent enzyme that palmitoylates MYD88 pro-
tein. This model may have clinical implications, as no specific pal-
mitoylation inhibitors have been identified to date. 2-BP is widely 
used to verify the function of palmitoylation of a specific protein, 
but it is also a nonselective inhibitor of many lipid enzymes44. 
Other drugs such as cerulenin45 and tunicamycin are indirect pal-
mitoylation inhibitors that inhibit FASN. Although the effects of 
the C75 inhibitors on cellular physiology were confirmed with 
genetic inhibition of FASN in our current study, C75 is nonspecific 
and can activate CPT146. This study overcomes these limitations 
by providing clinically applicable insights into a drug or small 
molecule which can modulate ZDHHC6 activity for developing a 
specific modulator of innate immune functions while minimizing 
off-target effects.

In summary, our results reveal how bacterial toxin LPS acti-
vates NF-κB through TLR4 and MYD88 in neutrophils. The key 
step is the palmitoylation of C113 in the INT domain of MYD88 
by ZDHHC6 enzyme using intracellular palmitic acids either from 
endogenous fatty acids synthesized by FASN or from exogenous 
fatty acids supplied by CD36-mediated uptake. In in vitro and ani-
mal experiments, blocking MYD88 palmitoylation in neutrophils 
suppressed TLR-induced inflammation and enhanced the chemo-
tactic activity of neutrophils, improving the survival of mice with 
sepsis. This study directly demonstrates that endogenous fatty acids 
modulate innate immune function and suggests a therapeutic niche 
for controlling sepsis.
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Methods
Experimental procedures. Mice. C57BL/6J male mice (8–16 weeks old) were 
purchased from the Jackson Laboratory. All mice were bred and maintained 
under specific pathogen-free conditions at the Animal Facility of Seoul National 
University. All experiments were carried out according to the guidelines of the 
Institutional Animal Care and Use Committees of Seoul National University and 
all relevant ethical regulations were followed (SNU-150901-2 and SNU-181205-9).

Cell culture and reagents. 293/hTLR4A-MD2-CD14 cells (hTLR4-293T) were 
obtained from InvivoGen. WT MYD88-GyrB and various mutant (C113A, 
C274A, A113C, A274C and CA MYD88)-GyrB constructs in the pcDNA4-V5/
His(A) expression vector were overexpressed in hTLR4-293T cells, followed by 
500 μg ml−1 zeocin (InvivoGen) selection to generate hTLR4-MYD88-GyrB-293T 
stable cells. The hTLR4-293T and HEK-293T cells were cultured in DMEM high-
glucose supplemented with 10% FBS (Welgene), 1X penicillin and streptomycin 
and 1X normocin (InvivoGen). RAW264.7 (mouse macrophage cell line) and 
THP-1 (human monocytic cell line) cells were maintained in RPMI high-glucose 
supplemented with 10% FBS and 1X penicillin and streptomycin. Most culture 
media were from Gibco unless otherwise noted. Delipidated FBS (900-123, lot 
no. A24F02G) was purchased from Gemini Bio-Products. DMSO, LPS (E. coli; 
serotype O26:B6), 2-BP, cerulenin, puromycin, acetoacetyl-CoA, HMG-CoA, 
water-soluble cholesterol, palmitic acid, coumermycin A1 and novobiocin were 
from Sigma-Aldrich. C75 (10005270, lot no. 05040302), 17-ODYA, GSK2194069 
and SSO were obtained from Cayman Chemical. From the manufacturer, the 
purity of C75 was confirmed by HPLC (100% purity) and the identity of C75 was 
confirmed by MS and IR. Palmostatin B was from Calbiochem. LPS-EB Ultrapure, 
Pam3CSK4 and R848 were from InvivoGen.

Human neutrophil isolation. Blood samples were obtained from healthy donors 
from whom written consent had been obtained. Ethics approval was granted by the 
Seoul National University Hospital Institutional Review Board. All relevant ethical 
regulations were followed. To isolate neutrophils, 30 ml of normal saline (PBS) was 
added to every 10 ml of human blood, and 10 ml of Ficoll-Hypaque solution (GE 
Healthcare) was added from the bottom of the tube, followed by centrifugation at 
224g at 20 °C for 20 min. The bottom layer (red blood cells and neutrophils) was 
carefully separated and mixed with dextran solution (31392; Sigma) at a 1:1 ratio, 
inverted 20 times to ensure adequate mixing, and incubated at 25 °C for 1 h. When 
clearly layered, the top layer was transferred and centrifuged at 1,100 r.p.m. at 4 °C 
for 8 min. The pellet was resuspended in 1 ml PBS, after which 10 ml of 0.2% NaCl 
solution was added and left for 20 s. The same volume of 1.6% NaCl solution was 
quickly added and the tube was inverted. After washing twice with cold PBS, the 
pellet was resuspended in RPMI media containing 3% FBS.

HL-60 cell differentiation. The HL-60 cell line was obtained from the American 
Type Culture Collection and maintained in RPMI 1640 medium containing 
l-glutamine (11875; Gibco), 10% FBS and 1X penicillin and streptomycin. To 
differentiate the cells into the granulocyte lineage, the cells were cultured in 1.3% 
DMSO for 7 d. Cell characteristic changes were confirmed by flow cytometry to 
detect surface markers including CD11b and CXCR2.

Flow cytometry. Samples were pretreated with DMSO or 10 µM C75 for 3 h 
and LPS (1 µg ml−1), IL-8 (50 ng ml−1) or fMLP (1 µM) was added to activate 
neutrophils. As CD11b is reported to be a calcium-dependent epitope, cells (1 × 106 
cells per tube) were suspended in FACS buffer with 1% FBS and 0.1% BSA in PBS 
containing Ca2+ and Mg2+ (0.9 mM CaCl2 and 0.5 mM MgCl2 (pH 7.4)). After 
blocking using 1:100 of FcR blocker (130-059-901; Miltenyi Biotec), the cells 
were incubated with antibodies to CD11b (ICRF44), L-selectin (DREG-56) (all 
from eBiosciences) or CXCR2 (6C6) (BD Biosciences). For the air pouch models, 
retrieved cells were washed and incubated with specific antibodies to Ly6G (1A8) 
or CD11b (M1/70) (both from BD Biosciences) to count neutrophil and monocyte 
numbers. For human neutrophil apoptosis analysis, an FITC Annexin V Apoptosis 
Detection Kit II (556570; BD Biosciences) was used. Appropriate isotype controls 
were used to exclude nonspecific binding results. Cells were washed three times 
with FACS buffer and analyzed with a FACS Canto II (BD Biosciences).

Air pouch mouse model. At the start of the experiment, 5 ml air was injected 
through a sterile 0.22-µm filter at the dermal site of a mouse to form an air pouch. 
On the third day, 2 ml air was injected. On the sixth day, 6 μl of 10 mM C75 or 
DMSO was intraperitoneally preinjected and 1% carrageenan (22049-5G-F; Sigma) 
solution, and 1 ml was injected 4 h later. After the irritants were injected into the 
pouch, predominant monocytes in the unstimulated pouch exudate were replaced 
with polymorphonuclear cells during first 24 h. Exudates were harvested 24 h later 
in 2 ml of sterile saline.

Quantitative real-time PCR. Total RNA was isolated with Trizol (Invitrogen) lysis 
reagent, reverse-transcribed into cDNA by reverse transcriptase (EP0451) and 
oligo (dT) primers (S0132) (both from Fermentas), and then amplified in a CFX 
Real-time PCR Detection System (Bio-Rad) with SYBR Green master mix (Applied 
Biosystems) and specific primers (listed below). Gene expression was normalized 

to a glyceraldehyde 3-phosphate dehydrogenase or 18S ribosomal RNA control. 
Primers used to amplify genes are listed from 5′ to 3′ (Supplementary Table 1). The 
sequence origin was either mouse (m) or human (h).

NF-κB luciferase reporter assay. hTLR4-293T (2.4 × 104) cells were seeded into a 
clear-bottom 96-well plate (Corning) overnight. Cells were then transfected with 
10 ng of pNF-κB luciferase plasmid (pGL3-basic) and 2 ng of pRL-TK (E2241) 
(both from Promega) using lipofectamine LTX according to the manufacturer’s 
instructions. After 24 h, the cells were treated with 10, 20 or 40 μM of C75 in 1% 
BSA DMEM media for 3 h. Next, the cells were treated with 100 ng ml−1 LPS, 1 μg 
MYD88, 1 μg TRAF6, 1 μg IKBKB or 1 μg p65 for 6 h. The expression constructs 
encoding TRAF6, IKBKB and p65 have been described previously47. Cells were 
harvested and assayed using the Dual-Glo Luciferase Reporter System (E2920) 
according to the manufacturer’s protocol. Luminescence was measured with 
a fluorescence detector (Glomax Discover, Promega). For the mutant MYD88 
experiment, various mutant hTLR4-MYD88-GyrB-293T stable cells (2 × 104) were 
seeded into the same 96-well plate overnight and followed by the above-stated 
transfection method. At 24 h post-transfection, the cells were treated with 0, 1 or 
5 ng coumermycin for 6 h.

Immunoblotting and co-immunoprecipitation studies. Whole cell extracts were 
prepared by lysing the cells in 1% NP-40 (Sigma)-containing lysis buffer or RIPA 
buffer (R0278; Sigma) with Complete Protease Inhibitor Cocktail (BioVision) 
and phenylmethylsulfonyl fluoride (93482; Sigma). Lysates were then fractionated 
by 10% SDS-PAGE, transferred to 0.45-μm polyvinylidene fluoride membranes 
(Merck Millipore), and probed with antibodies to detect FASN (3180), MYD88 
(4283), p-p65 (3033), p-p38 (4511), IκB-α (9242), p38 (9212), p65 (8242) (all from 
Cell Signaling Technology), actin (sc1616; Santa Cruz Biotechnology), ZDHHC6 
(ab121423), TLR4 (ab13556; both from Abcam) and FLAG (F1804; Sigma). For 
interaction experiments, hTLR4-293T cell (107) lysates were incubated for 1 h on 
ice followed by centrifugation at 13,300 r.p.m. at 4 °C for 30 min. Supernatants 
then were incubated with 20 μl FLAG-Gel (A2220; Sigma) for 4 h at 4 °C. After 
three washes, immunoprecipitated proteins were fractionated by 10% SDS-PAGE 
and immunoblotted with TLR4, MYD88 and FLAG. Immunoblot detection was 
conducted either using a FluorchemM detector (ProteinSimple), Amersham 
Imager 600 (GE Healthcare) or Automatic Film Processor (Daesung Tech).

Plasmids. Full-length MYD88 cDNA was cloned into pCDNA3.1 (Addgene) and 
pKS-GyrB expression plasmids. The pKS-MYD88-GyrB construct was cloned 
into pcDNA4-V5/His(A), followed by site-directed mutagenesis to generate 
pcDNA4-V5/His(A)-MYD88-GyrB WT, C113A, C274A, C113/274A, CA and 
CA113C. The pcDNA3.1-MYD88 construct was cloned into pCMV-tag2A, 
followed by site-directed mutagenesis to generate FLAG-MYD88 WT, CA, 
CA113A and E52A. Full-length FASN cDNA was cloned into the pCAG-FLAG-IP 
vector48,49 to generate FLAG-FASN. The full-length IRAK4-containing plasmid 
purchased from Addgene (no. 23749) was cloned into the CAG vector. Death-
domain truncated-MYD88 cDNA was cloned into the pcDNA4-V5/His(A) vector 
to generate truncated-MYD88 WT, CA and CA113A. ZDHHC6 was cloned into 
the pCAG-FLAG-IP vector. All clones were confirmed by direct DNA sequencing 
from Macrogen.

ABE assay. HEK-293T cells (107) were seeded into a 100-mm dish overnight. 
If transfection was required, the cells were transfected with 10 μg of MYD88-
GyrB plasmid using polyethylenimine (PEI; 23966; Polysciences) according 
to the manufacturer’s protocol. After 48 h, the cells were harvested using 
palmitoylation lysis buffer containing 1% NP-40, 10% glycerol, 50 mM N-
ethylmaleimide (NEM), 1 μM PMSF (all from Sigma), 200x PIC (Biovision), 
50 mM Tris-HCl (pH 7.4) and 150 mM NaCl. Lysates were sonicated and 
incubated at 4 °C overnight. These lysates were centrifuged at 13,300 r.p.m. for 
30 min at 4 °C and the supernatant was subject to chloroform-methanol protein 
precipitation (4:1:3, methanol:chloroform:water). Pellets were solubilized in 
1% SDS buffer and briefly sonicated. Concentrated proteins were treated with 
0.5 M hydroxylamine (159417; Sigma) or Tris-HCl pH 7.4 buffer (negative 
control) for 2 h at room temperature. The proteins were precipitated following 
the chloroform-methanol precipitation method, solubilized in 1% SDS and 
briefly sonicated. Solubilized proteins were diluted by 1/10 to prepare a 0.1% SDS 
solution and immunoprecipitated with 40 μl neutravidin agarose (29200; Thermo 
Fisher Scientific) for 2 h at 4 °C. Immunoprecipitated beads were washed three 
times with palmitoylation lysis buffer and eluted with 2x Laemmli sample buffer 
(S3401; Sigma).

Click assay. Click assay was carried out as previously described50. First, 107 cells 
were seeded into a 100-mm dish overnight and transfected with 10 μg of the WT 
MYD88-GyrB plasmid using PEI according to the manufacturer’s protocol. Next, 
the cells were metabolically labeled with DMSO or 17-ODYA in 1% BSA DMEM 
media for 7 h. The DMSO-treated group was a negative control, as only samples 
labeled with 17-ODYA could undergo the click reaction. The cells were then lysed 
in lysis buffer containing 5 mM HEPES (pH 7.4), 150 mM NaCl, 5 mM EDTA, 1% 
Triton X-100 and 200x PIC. After centrifugation for 30 min at 4 °C, the supernatant 
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was subject to chloroform-methanol protein precipitation and solubilized in 1% 
SDS buffer and briefly sonicated. Concentrated protein lysates were subject to the 
click reaction for 1 h with 100 μM TBTA (678937), 1 mM CuSO4 (C8027), 1 mM 
TCEP (C4706; all from Sigma) and 20 μM biotin-azide (B10184; Invitrogen). 
After chloroform-methanol protein precipitation, the precipitated protein was 
resuspended in 4% SDS buffer and divided in half (100 μl each), and either 400 μl  
of 0.5 M hydroxylamine or Tris buffer was added to check for cleavage of the 
thioester bond. After rotating at room temperature for 1 h, chloroform-methanol 
protein precipitation was performed and the precipitate was solubilized with 
1% SDS buffer. The mixture was further diluted 10x with 0.2% Triton X-100/
PBS buffer, and 50 μl of neutravidin beads were added to purify the biotinylated 
proteins. The samples were rotated for 2 h, washed three times and eluted with  
2x Laemmli buffer.

In-Gel fluorescence click assay. Because TAMRA-azide has an excitation/
emission spectrum of 546/579 nm, we could detect palmitoylated proteins while 
in the SDS-PAGE gel51. The cells were transfected with FLAG-MYD88 using PEI. 
After metabolic labeling with DMSO or 17-ODYA for 7 h, the cells were lysed 
and immunoprecipitated first with anti-FLAG M2 affinity gel (A2220; Sigma), 
and then subjected to an on-bead click reaction as described in above. The beads 
were washed three times and eluted with DTT-containing SDS sample buffer, 
separated by SDS-PAGE and detected with a fluorescence detector (FluorchemM; 
ProteinSimple).

Sample preparation for MS analysis. HEK-293T cultures were lysed after 
30 h of incubation following transfection with FLAG-MYD88, solubilized and 
immunoprecipitated with anti-FLAG affinity beads in the presence of 50 mM 
NEM. After washing with the IP lysis buffer three times at 4 °C, the beads were 
treated with hydroxylamine buffer (pH 7.4) at room temperature for 1 h, followed 
by NEM or N-methylmaleimide (NMM; Sigma) labeling at 4 °C for 2 h. The beads 
were washed three times and eluted with 250 g ml−1 3X FLAG peptide solution 
(F4799; Sigma). The eluate was separated by SDS-PAGE and the gels were stained 
with colloidal blue reagent at room temperature overnight, followed by de-staining 
with 100 mM ammonium bicarbonate/acetonitrile (1:1, v/v). MYD88-specific 
bands were excised and subjected to an in-gel trypsin digestion procedure as 
previously described52. Trypsin-digested peptides were then dried under vacuum 
and reconstituted with 0.1% (v/v) trifluoroacetic acid and water for MS analysis.

MS and spectral processing. Trypsin-digested peptide samples were analyzed by 
liquid chromatography tandem mass spectrometry using a nanoAcquity UPLC 
system (Waters) and LTQ Orbitrap Elite mass spectrometer (Thermo Fisher 
Scientific) equipped with a nano-electrospray source at the Korea Basic Science 
Institute, as described previously53. Briefly, the peptide solutions (2 μg of total 
proteins) were separated over 80 min with a solvent gradient of 5–50% (v/v) 
acetonitrile/water with 0.1% formic acid on a homemade microcapillary C18 
column (100 µm, length 200 mm; particle size 3 µm, 125 Å), and then MS and  
MS/MS spectra were acquired over the entire run time at a resolution of 120,000 
(full width at half maximum) for each sample. Data were processed using Xcalibur 
2.2 and Tune 2.7 software and raw data were processed using the MaxQuant 
quantitative proteomics tool (v.1.5.2.8), as described previously with minor 
modifications54, against the human MYD88 isoform 2 sequence downloaded 
from UniprotKB to identify matched spectra. Cysteine carbamidomethylation 
(+57.0215), N-ethylmaleimidylation (+125.0477) and N-methylmaleimidylation 
(+111.0320) were used as variable modifications to identify MYD88-specific 
modifications. All other parameters were used as defaults, except for a fragment 
ion tolerance of 0.8 Da and maximum precursor ion tolerance of 25 and 100 ppm 
for high and low confidence results, respectively.

RNA knockdown and virus production for shRNA. HEK-293T cells were 
transfected with 10 μg of psPAX2 (12260), pPMD2 (12259; both from 
Addgene), and pLKO.1-shRNA plasmid (control-SHC016) or mouse ZDHHC6 
(TRCN0000012168 and TRCN0000012172), mouse FASN (TRCN0000075705; 
all from Sigma) using PEI according to the manufacturer’s instructions. The 
culture supernatant was collected at 48 h after transfection, filtered through a low-
protein-binding 0.22-μm filter and added to target cells for 24 h before selection 
with 2 μg ml−1 puromycin (Sigma). For the HL-60 cell migration assay, cells were 
transfected with pLKO.1-shRNA plasmid (control-SHC016) or human shFASN 
(TRCN0000003127, TRCN000000003128 and TRCN0000003129; from Sigma) 
by electroporation. For siRNA the experiment, THP-1 cells were transfected with 
50 nM siRNA control or 50 nM siRNA targeting ZDHHC6 (L-014101-00-0005; 
Dharmacon).

Migration assay. Neutrophil chemotaxis was assayed using a 6.5-mm Transwell 
with a 3-µm pore polyester membrane insert (3472; Corning). Isolated human 
neutrophils were equally divided into two group and treated with DMSO or 
10 μM C75 for 2 h. Next, 1 μg ml−1 LPS or PBS was sequentially added to each well 
and incubated for 1 h; 5 × 105 cells per well neutrophils were added to the upper 
chamber in 150 µl RPMI 1640 containing 2% FBS. Neutrophil chemotaxis was 
induced by adding 30 ng ml−1 IL-8 (200-08 M; Peprotech) to the lower chamber. 

The total migrated cells were counted. For the migration assay using DMSO-
induced differentiated HL-60 cells, 100 ng ml−1 LPS was treated for 1 h and 5 × 105 
HL-60 cells per well were added to the upper chamber and 30 ng ml−1 of IL-8 was 
added to the lower chamber55.

Duolink proximity ligation assay. All procedures were conducted as described 
by the Duolink kit (DUO92101-1KT and DUO92106-1KT; both from Sigma)56. 
Human neutrophils or DMSO-induced differentiated HL-60 cells were treated with 
4% paraformaldehyde for 15 min and then permeabilized with 0.5% Triton X-100 
in PBS. The blocking step was performed with blocking solution provided with the 
kit for 1 h, and then primary antibody (1:50 dilution) was added and incubated at 
4 °C for 16 h. For MYD88–ZDHHC6 interaction, MYD88 (ab107585; Abcam) and 
ZDHHC6 (ab237621; Abcam). For MYD88-FASN interaction, MYD88 (sc-8196; 
Santa Cruz Biotechnology) and FASN (3180; Cell Signaling Technology) were used. 
The samples were washed with wash buffer A three times and with and without the 
Duolink PLA probe treated for 1 h at 37 °C. The ligation and amplification steps 
were performed for signal visualization. Images were acquired using a confocal 
microscope (LSM710; Carl Zeiss, Göttingen, Germany).

Cecal ligation and puncture model and LPS-induced sepsis model. The CLP 
model was prepared as previously published57. Briefly, 10–12-week-old male 
C57BL/6J mice were anesthetized with 3.5% isoflurane followed by ligation and 
puncture of the cecum using an 18-gauge needle, followed by fluid resuscitation. 
In the LPS-induced sepsis model, mice were intraperitoneally injected with LPS 
(45 mg kg−1; Sigma) and subjected to fluid resuscitation. In both experiments, C75 
or DMSO was intraperitoneally injected 4 h before cecal ligation or LPS injection. 
The bacterial load was evaluated as the counting colony-forming unit (c.f.u.) of 
aliquots of serial dilutions of peritoneal fluids after incubation for 24 h.

Statistical analyses. We used unpaired two-tailed Student’s t-tests to compare the 
ΔCt value of the RT–PCR, apoptotic assay of human neutrophils and luciferase 
assay using mutant MYD88. A Mann–Whitney U test was used to compare 
the air pouch model cell counts. A one-way ANOVA with Tukey’s multiple 
comparisons test was used to compare multiple groups in the luciferase assay, 
Transwell migration assay and flow cytometry. Survival studies were evaluated by 
the log-rank test (CLP model) and Gehan–Breslow–Wilcoxon test (LPS-induced 
septic shock model). Means were shown ± s.e.m. The differences were considered 
significant when P values were below 0.05. Data were analyzed and presented with 
GraphPad Prism software (v.5, GraphPad).

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
Any Supplementary information, chemical compound information are available in 
the online version of the paper. The data that support the findings of this study are 
available from the corresponding author upon request.
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AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
Policy information about availability of computer code

Data collection FlowJo v7, v10 was used for flow cytometry, Xcaliber 2.2 and Tune 2.7 software for mass spectrometry data acquisition, MaxQuant 
quantitative proteomics tool (Version 1.5.2.8) for processing raw data for mass spectrometry. CFX Manager Software (Version 3.1) for 
qRT-PCR data collection.

Data analysis Graphpad Prism software (version 5) for graph processing. 

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers. 
We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data
Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A list of figures that have associated raw data 
- A description of any restrictions on data availability

All data that support the findings of this study are available from the corresponding author upon request.
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Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size Pilot studies were used to estimate the sample size to analyze with the adequate power. In most of experiments performed, 7-16 mice/group 
was sufficient to identify statistical differences with at least 80% power and a 5% significance level.

Data exclusions No data was excluded.

Replication Different biological replicates were performed at defined numbers described in each figure legend. All attempts of replication were successful.

Randomization No Randomization was performed. The current study used the same sample split into either control or drug treated group. For animal studies, 
we treated control or drug in syngenic C57BL/6J mice so no randomization methods were considered.

Blinding Blinding was not possible in the current study, as samples were analyzed shortly after collection, thus investigators were not blinded to 
samples.

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems
n/a Involved in the study
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Eukaryotic cell lines
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Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used For immunoblotting,  

MYD88 (1:1000, 4283S, D80F5 clone, Lot# 4, Cell Signaling Technology),  
p-p65 (1:1000, 3033S, 93H1 clone, Lot# 14, Cell Signaling Technology),  
p-p38 (1:1000, 4511S, D3F9 clone, Cell Signaling Technology),  
IκB-α (1:1000, 9242S, Lot# 10, Cell Signaling Technology),  
actin (1:3000, sc1616, I-19, Lot# B1116, Santa Cruz Biotechnology) 
ZDHHC6 (1:500, ab121423, polyclonal, Abcam),  
TLR4 (1:500, ab13556, polyclonal, Abcam)  
FLAG (1:4000, F1804, M2 clone, Sigma). 
P38 (1:1000, 9212S, Lot# 23, Cell Signaling Technology) 
P65 (1:1000, 8242S, D14E12 clone, Lot# 4, Cell Signaling Technology) 
were used. 
 
For flow cytometry, 
APC Mouse Anti-Human CD11b/Mac-1 (1:100, 550019, ICRF44 clone, Lot# 3085881, BD Biosciences) CD62L mouse anti-human 
APC (1:100, 17-0629-41, DREG-56 clone, Lot# E12961-103, eBioscience) 
FITC mouse Anti-Human CD182 (1:100, 551126, 6C6 clone, Lot# 16322, BD Biosciences) 
Ly6G anti-mouse PE (1:100, 551641,1A8 clone, Lot# 62738, BD Biosciences) 
CD11b anti-mouse PerCP-Cy5.5 (1:100, 550993, M1/70 clone, Lot# 07363, BD Biosciences) were used. 
 
For proximity ligation assay,  
For MYD88-ZDHHC6 interaction,  
MYD88 (ab107585, 4D6 clone, Abcam) and  
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ZDHHC6 (ab237621, polyclonal, Abcam).  
For MYD88-FASN interaction,  
MYD88 (sc-8196, N-19 clone, Lot# K0810, Santa Cruz Biotechnology) and  
FASN (3180S, C20G5 clone, Lot# 2, Cell Signaling Technology) were used

Validation Antibodies were validated from the purchased company with indicated host specificity and the data sheets of each products 
were supplied as below. 
MYD88 (4283S, D80F5 clone, Lot# 4, Cell Signaling Technology) : (application) W, IP, (host) H M R Mk,  
p-p65 (3033S, 93H1 clone, Lot# 14, Cell Signaling Technology) : (application) W, IP, IF-IC, (host) H, M, R, Mk, Pg, Hm, (Dg) 
p-p38 (4511S, D3F9 clone, Cell Signaling Technology) : (application) W, IP, IHC-P, IF-IC, F (host) H, M, R, Mk, Sc, Pg, Mi 
IκB-α (9242S, Lot#10, Cell Signaling Technology)  : (application) W, IP (host) H, M, R, Mk, B, Dg, Pg 
actin (sc1616, I-19, Lot# B1116, Santa Cruz Biotechnology) : (application) W, IP, IF, F (host) mouse, rat, human 
TLR4 (ab13556, polyclonal, Abcam) : (application) W, IHC[P, ELISA, ICC/IF (host) mouse, human 
FLAG (F1804, M2 clone, Sigma) : (application) W, IP 
P38 (9212S, Lot# 23, Cell Signaling Technology) : (application) W, IHC-P, IF-IC, F (host) H, M, R, Mk, GP, (C) 
P65 (8242S, D14E12 clone, Lot# 4, Cell Signaling Technology) : (application) W, IP, IHC-P, IF-IC, F, ChIP, ChIP-seq (host) H M R Hm 
Mk Dg 
 
APC Mouse Anti-Human CD11b/Mac-1 (550019, ICRF44 clone, Lot# 3085881, BD Biosciences) : (applicaiton) Flow cytometry 
(host) human 
CD62L (L-Selectin) Mouse anti-Human, APC (17-0629-41, DREG-56 clone, Lot# E12961-103, eBioscience) : (application) Flow 
cytometry (host) human 
FITC Mouse Anti-Human CD182  (551126, 6C6 clone, Lot# 16322, BD Biosciences) : (application) Flow cytometry (host) human 
Ly6G anti-mouse PE (551641,1A8 clone, Lot# 62738, BD Biosciences) : (application) Flow cytometry (host) mouse 
CD11b anti-mouse PerCP-Cy5.5 (550993, M1/70 clone, Lot# 07363, BD Biosciences) : (application) Flow cytometry (host) mouse, 
human 
 
MYD88 (ab107585, 4D6 clone, Abcam) : (application) WB, Flow cyt, ICC/IF (host) human 
ZDHHC6 (ab237621, polyclonal, Abcam) : (application) WB, ICC/IF, IHC-P (host) mouse, human 
MYD88 (sc-8196, N-19 clone, Lot# K0810, Santa Cruz Biotechnology) : (application) WB, IP, IF, ELISA (host) mouse, human 
 
For ZDHHC6 (ab121423, polyclonal, Abcam), further validation using ZDHHC6 KO HeLa cell lysate (NBP2-65059, Novus 
Biologicals) were used.

Eukaryotic cell lines
Policy information about cell lines

Cell line source(s) The eukaryotic cell lines THP-1, RAW264.7, HEK-293T cells, HL-60 cells were purchased from the American Type Culture 
Collection. 293/hTLR4A-MD2-CD14 cells (hTLR4-293T) were purchased from InvivoGen (Carlsbad, CA, USA).  

Authentication The cell lines were not authenticated. 

Mycoplasma contamination Cells were tested and certified as free of Mycoplasma contamination.

Commonly misidentified lines
(See ICLAC register)

No commonly misidentified cell lines were used.

Animals and other organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals C57BL/6J male mice (8-16 weeks old) were purchased from The Jackson Laboratory. All mice were bred and maintained under 
specific pathogen-free conditions at the Animal Facility of Seoul National University.

Wild animals Wild animals were not used in the current study.

Field-collected samples The current study did not involve samples collected from the field.

Ethics oversight All experiments were carried out according to the guidelines of the Institutional Animal Care and Use Committees of Seoul 
National University (SNU-150901-2, SNU-181205-9).

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Human research participants
Policy information about studies involving human research participants

Population characteristics Blood samples were obtained from healthy donors from whom written consent had been obtained. Participants were mean age 
of 35.8 with standard deviation of 2.7 and 80% were male participants. All participants were healthy without any diagnosed 
diseases.

Recruitment All recruitment materials approved by IRB were used for participant recruitment to invite the current study. As the isolated blood 
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Recruitment neutrophils from the same person were compared between control vs drug-treated groups, it is less likely that inter-individual 

biases are minimized in interpreting the results of the study.

Ethics oversight Ethics was granted by the Seoul National University Hospital Institutional Review Board (IRB).

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Flow Cytometry
Plots

Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Blood samples were obtained from normal healthy donors. Human neutrophils were isolated by centrifugation with Ficoll-
Hypaque solution, dextran sedimentation, and hypotonic saline lysis of erythrocytes. Single cell suspension in FACS buffer (1% 
FBS, 0.1% BSA) was incubated with FcR blocker (Miltenyi Biotec) to block Fc binding. Subsequently, fluorochrome-conjugated 
direct antibodies were used for the FACS staining. 

Instrument FACS Canto II (BD Biosciences)

Software FACS DIVA software, FlowJo software

Cell population abundance Cell sorting has not performed.

Gating strategy Live cells were gated according to forward scatter (FSC-A) and side scatter (SSC-A). Purified neutrophils were highly lineage-
specified (>95%) when being checked with CD11b/CD16/CD66b markers in flow cytometry or Wright/Giemsa staining.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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