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Essential roles of S100A10 in Toll-like receptor signaling and
immunity to infection
Yunwei Lou1,2, Meijuan Han1,2, Huandi Liu1,2, Yuna Niu1,2, Yinming Liang 1,2,3, Jiqiang Guo2,4, Wen Zhang2 and Hui Wang 1,2

Toll-like receptors (TLRs) are key pattern recognition receptors that mediate innate immune responses to infection. However,
uncontrolled TLR activation can lead to severe inflammatory disorders such as septic shock. The molecular mechanisms through
which TLR responses are regulated are not fully understood. Here, we demonstrate an essential function of S100A10 in TLR
signaling. S100A10 was constitutively expressed in macrophages, but was significantly downregulated upon TLR activation.
S100A10-deficient macrophages were hyperresponsive to TLR stimulation, and S100A10-deficient mice were more sensitive to
endotoxin-induced lethal shock and Escherichia coli-induced abdominal sepsis. Mechanistically, S100A10 regulated macrophage
inflammatory responses by interfering with the appropriate recruitment and activation of the receptor-proximal signaling
components and eventually inhibited TLR-triggered downstream signaling. These findings expand our understanding of TLR
signaling and establish S100A10 as an essential negative regulator of TLR function and a potential therapeutic target for treating
inflammatory diseases.
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INTRODUCTION
Toll-like receptors (TLRs), the key pattern recognition receptors,
play crucial roles in host defense against invading microbial
pathogens by detecting conserved pathogen-associated molecular
patterns (PAMPs). Recognition of PAMPs by TLRs initiates innate
immune responses through the recruitment of the adaptors
MyD88 or TRIF to induce downstream signaling cascades, which
subsequently activates the transcription factors nuclear factor-κB
(NF-κB) and activator protein-1 (AP-1) that are common to all TLRs,
leading to the production of proinflammatory cytokines and type I
interferons.1 Full activation of TLRs is essential for the initiation of
the innate immune response and the enhancement of adaptive
immunity to eliminate invading microorganisms. However, inap-
propriate activation or overactivation of TLR signaling may result in
inflammatory diseases such as septic shock or autoimmune
disorders.2 Thus, the negative regulation of TLR signaling is
essential for avoiding excessive inflammatory immune responses
and maintaining immune homeostasis. To date, numerous positive
regulators have been identified as essential for the initiation and
full activation of TLR responses, but inhibitors of TLR pathways
need further investigation.3,4 Therefore, the identification of
negative regulators and the detailed mechanisms underlying their
role in TLR signaling remain to be fully elucidated.
S100A10, a unique member of the S100 EF-hand protein family,

does not conform to other family members because it lacks a
functional EF-hand Ca2+-binding domain, so its interaction with

target proteins is Ca2+ independent. S100A10 was first identified
within a heterotetrameric complex with annexin A2.5 Previous
reports have shown that S100A10 tethers certain membrane proteins
(i.e., serotonin 1B receptor, tissue-type plasminogen activator, sodium
channel Nav1.8, actin-binding protein AHNAK) to annexin A2,
thereby assisting their traffic to the plasma membrane and increasing
their levels at the cell surface.6 One recent study demonstrated that
S100A10 directly binds to the C-terminal cytoplasmic tail of CCR10,
and this interaction regulates its cell surface presentation.7 CCR10,
also known as orphan GPR-2, was identified as the specific receptor
for the chemokine CCL27 and belongs to the chemokine receptor
subfamily of G protein-coupled receptors. Hessner et al.7 found that
S100A10 interacts physically with the carboxylic-terminal cytosolic
tail within amino acid residues 326–340 of CCR10. In addition,
annexin A2 was found to be associated with the CCR10-S100A10
complex, but annexin A2 did not directly interact with CCR10,
indicating that S100A10 bears distinct binding sites for CCR10 and
annexin A2 and that the S100A10 dimer might act as a linker
between CCR10 and annexin A2 within the tripartite complex.7

Furthermore, S100A10 serves as an important regulator of inflam-
mation, and abnormal expression of S100A10 has been found in
patients with depression, irritable bowel syndrome, and Parkinson’s
disease.8–11 In particular, it is intriguing that expression levels of
S100A10 in peripheral blood leukocytes, including monocytes,
natural killer cells, and CD8+ T cells, are altered in both depression
and Parkinson’s disease.10 Although the functions of S100A10 have
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been extensively investigated in the central nervous system, its
function in the immune system remains largely unknown.
A recent paper showed that S100A10 mediates macrophage

recruitment in response to sterile inflammatory stimuli by activating
promatrix metalloproteinase-9, which in turn promotes plasmin-
dependent invasion in vitro and in vivo.12 However, the regulation
of expression and other functions, such as the immune response of
S100A10 in macrophages, remain unclear. Considering the critical
roles of macrophages in the promotion of the innate immune
response, we hypothesized that S100A10 could play an important
role in regulating the innate inflammatory responses during sepsis.
Using cells and mice with a target deletion of S100A10, we
examined this hypothesis in vitro and in vivo. Our results uncover
the crucial function of S100A10 as a negative regulator of the TLR
pathways, which adds new insight into the regulation of innate
immunity and TLR-triggered innate inflammatory responses.

RESULTS
TLR stimulation significantly decreases S100A10 expression
S100A10 is a member of the S100 protein family, which is
composed of more than 20 members, but its biological function,
especially in the immune response, remain largely unknown. Our
initial analysis of the BioGPS database revealed that macrophages
had an abundant expression of S100a10. To explore the potential
functions of S100A10 in the immune system, we first examined its
messenger RNA (mRNA) expression in murine bone marrow-
derived macrophages (BMDMs) before and after stimulation with
different TLR ligands, as many genes that are involved in the
immune response undergo changes in the expression pattern
after induction of inflammation. Upon stimulation with Pam3CSK4
(a TLR2 ligand), poly(I:C) (a TLR3 ligand), and lipopolysaccharide
(LPS) (a TLR4 ligand), the expression of S100a10 mRNA was
significantly decreased by all these ligands (Fig. 1a, b). S100A10
protein expression was also decreased after treatment with these
ligands (Fig. 1c). Similar effects were observed in murine
peritoneal macrophages after stimulation with LPS or Pam3CSK4
(Fig. S1a, b). These results indicate that TLR activation leads to the
reduction of S100A10 expression in macrophages.
The S100A10 protein has been shown to be polyubiquitinated

and degraded in endothelial cells via a proteasome-dependent
mechanism.13 We therefore determined whether TLR ligands
could also target the amount of S100A10 protein through the
ubiquitin-proteasome system. Pretreatment of BMDMs with
vehicle control and subsequent stimulation with LPS for 4 h
resulted in a slight reduction of S100A10 and a marked decrease 6
h after stimulation (Fig. 1d). MG132, which is a reversible peptide
aldehyde that blocks proteasome activity, reversed the ability of
LPS to suppress S100A10 expression 4 and 6 h after stimulation
(Fig. 1d). However, because prolonged MG132 treatment is toxic
to cells, the effect of MG132 at 24 h noted before could not be
analyzed. Nevertheless, it was obvious that the proteasome did
affect the amount of S100A10 protein at earlier time points after
LPS stimulation. Proteasomal degradation of target proteins
depends on their polyubiquitination. Therefore, we examined
the ability of the S100A10 protein to become ubiquitinated in
response to LPS. Indeed, stimulation of MG132-pretreated BMDMs
with LPS resulted in the appearance of the polyubiquitinated
forms of S100A10 (Fig. 1e). Collectively, these data clearly
demonstrate that, in addition to a reduction in the expression of
S100a10 mRNA, LPS also induces the degradation of S100A10 by
the proteasome, thus contributing to the loss of S100A10 protein
in macrophages.

S100A10 deficiency increases TLR-triggered proinflammatory
cytokine production in macrophages
S100A10 is constitutively expressed in macrophages, and TLR
activation can decrease S100A10 expression, raising the possibility

that S100A10 may be involved in the regulation of TLR-triggered
inflammatory responses. To further elucidate the role of S100A10
in TLR-triggered innate inflammatory responses, we generated
S100A10-deficient mice (called S100a10−/− here) by using the
CRISPR-Cas9 strategy (Fig. S1c). The results from sequencing
showed that a 7-bp deletion was observed in exon 2 of the
S100a10 gene from positions 63 to 69 of the S100a10 open
reading frame (ORF), which resulted in a frame shift and led to the
degradation of mutant-transcribed S100a10 mRNA. Immunoblot
analysis further confirmed a complete loss of S100A10 protein in
the tissues, including the thymus, spleen, bone marrow, mesen-
teric lymph nodes, and peritoneal macrophages in S100a10−/−

mice (Fig. S1d, e). S100a10−/− mice were born with the expected
Mendelian ratio and showed no gross defects in growth and
survival. The percentages and absolute numbers of myeloid cells,
including macrophages, neutrophils, and dendritic cells in bone
marrow, blood, and spleen, were comparable between wild-type
(WT) and S100a10−/− mice (Fig. S2a, b). S100A10 deficiency did
not affect the development of CD4+ and CD8+ T cells or natural
regulatory T cells in the thymus, spleen, and mesenteric lymph
nodes (Fig. S2c, d). In addition, the deficiency also did not affect
the activation status of CD4+ and CD8+ T cells as observed by
CD44 and CD62L staining (data not shown). BMDMs generated
in vitro were also normal in S100a10−/− mice (Fig. S3a). Therefore,
S100A10 deficiency did not affect the development or home-
ostasis of myeloid and lymphoid immune cell subsets. Further-
more, similar levels of other members of the S100 family were
observed in BMDMs, peritoneal macrophages, and bone marrow-
derived neutrophils in WT and S100a10−/− mice (Fig. S3),
indicating that S100A10 deficiency did not affect the expression
of these related genes.
To determine the potential roles of S100A10 in innate immune

responses to TLR ligands, we first studied S100A10 knockout cells
in vitro. A variety of TLR agonists, including Pam3CSK4 (TLR2), poly
(I:C) (TLR3), and LPS (TLR4), were used to stimulate naive BMDMs.
Upon stimulation with these diverse agonists, S100a10−/− BMDMs
produced significantly higher amounts of tumor necrosis factor-α
(TNF-α), interleukin-6 (IL-6), and interferon-β (IFN-β) compared
with similarly treated WT controls (Fig. 2a–c). We also detected
higher expressions of TNF-α, IL-6, IL-12, and IFN-β mRNA in
S100a10−/− macrophages than in WT macrophages, in which
TLR2, TLR3, and TLR4 were triggered (Fig. S4). Statistical analysis
indicated significant differences between similarly treated WT and
S100a10−/− cells. These findings show that S100A10 deficiency in
macrophages enhances TLR-triggered production of proinflam-
matory cytokines and type I IFN, whereas it has no effect on
macrophage development and differentiation.

S100A10 deficiency enhances sensitivity to LPS and E. coli
infection-induced septic inflammation
We next evaluated the physiological relevance of these findings. As
described above, no apparent defect was detected for all myeloid
and lymphoid immune cell types tested in S100a10−/− mice. Thus,
the physiological difference(s) observed between WT and S100a10−/

− mice should not be caused by changes in immune subpopula-
tions. Because S100A10-deficient macrophages produced more TLR-
induced cytokines than WT macrophages, we asked whether
S100a10−/− mice were more susceptible to septic inflammation.
To examine the function of S100A10 in the innate immune response
in vivo, we challenged S100a10−/− mice with LPS or Gram-negative
bacteria E. coli infection. We first studied LPS-induced sepsis in mice
by injecting them intraperitoneally with a low dose of LPS. In
response, S100a10−/− mice produced more TNF-α, IL-,6 and IFN-β in
serum than WT control mice (Fig. 3a). Furthermore, after lethal
challenge with LPS, we found that 70% of S100a10−/− mice died
within 36 h and 90% of them died within 96 h, whereas 90% of WT
mice survived the challenge (Fig. 3b). Consistent with that, we
observed more severe infiltration of polymorphonuclear cells and
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interstitial pneumonitis in the lungs of S100a10−/− mice 6 h after LPS
challenge (Fig. 3c).
To further assess the role of S100A10 in host resistance to

pathogen infection, we challenged WT and S100a10−/− mice
intraperitoneally with intact Gram-negative E. coli, the most
frequent cause of bacterial sepsis in humans. After infection with
E. coli, the production of TNF-α and IL-6 in S100a10−/− mice was
significantly greater than that of WT control mice (Fig. 4a). In
addition, after lethal challenge with E. coli, 70% of mice
succumbed to fatal shock within 48 h, and none survived at the
end of the experiment. In contrast, 70% of WT mice were still alive
60 h after infection with E. coli, so S100a10−/− mice also displayed
reduced survival (Fig. 4b). Taken together, these data suggest that
S100a10−/− mice develop a more severe innate inflammatory
response and are more susceptible to endotoxin-shock and E. coli-
induced sepsis, which indicates that S100A10 may negatively
regulate the TLR-triggered inflammatory response.

S100A10 is dispensable for macrophage phagocytosis
Activation of Rac1 and Cdc42, two important members of the Rho
family of small GTPases, promotes actin polymerization, which is
essential for macrophage phagocytosis. Previous studies demon-
strated that S100A10 was involved in actin dynamics by
promoting cell polarization, spreading, and migration via regulat-
ing Rac1 and Cdc42 activation.14,15 To determine whether
S100A10 plays a role in macrophage phagocytosis, we performed
experiments to examine the effect of S100A10 deficiency on
scavenger receptor-mediated, FcγR receptor-mediated, and
complement-mediated phagocytosis. In phagocytosis of fluores-
cein isothiocyanate (FITC)-labeled dextran, opsonized-latex beads,
and opsonized zymosan, S100A10-deficient macrophages inter-
nalized particles comparably to WT control cells (Fig. S5a). We then
examined the phagocytosis of FITC-labeled E. coli opsonized with
normal mouse serum with S100A10-deficient macrophages and
WT control macrophages. S100A10-deficient macrophages

Fig. 1 S100A10 expression is decreased upon TLR activation in bone marrow-derived macrophages. a, b Bone marrow-derived macrophages
from WT mice were treated with or without Pam3CSK4 (50 ng/ml), poly(I:C) (10 μg/ml), or LPS (100 ng/ml) for the indicated times. S100a10
mRNA levels were determined by RT-PCR (a). Quantification of S100a10 mRNA expression by quantitative real-time PCR (b). c Bone marrow-
derived macrophages from WTmice were treated as described in a, b, and S100A10 protein levels were determined by Western blot. d, e Bone
marrow-derived macrophages from WT mice were pretreated with MG132 (10 μM) or DMSO control and then stimulated with or without LPS
(100 ng/ml) for the indicated times. S100A10 protein levels were determined by Western blot (d). In addition, cell lysates were subjected to
immunoprecipitation (IP) with an antibody against S100A10 and analyzed by Western blot for the indicated proteins (e). β-Actin was used as a
loading control. Data are representative of three experiments (mean ± SEM of three samples in b; *P < 0.05; **P < 0.01). Similar results were
obtained in three independent experiments in a, c–e
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phagocytosed E. coli at a level that was similar to that of WT
control cells (Fig. S5a). These results indicate that S100A10 does
not play a role in phagocytosis in macrophages.

Enhanced TLR signaling in S100A10-deficient macrophages
To investigate whether S100A10 deficiency intersected with the
TLR signaling pathways in macrophages, we examined the
activation kinetics of the mitogen-activated protein kinases
(MAPKs) and transcription factor NF-κB pathways, which are
downstream of TLR signaling. We observed enhanced phosphor-
ylation of the kinases JNK, p38, and ERK and inhibitor IκBα in LPS-
stimulated S100A10-deficient macrophages (Fig. 5a). We also
observed more phosphorylation of the transcription factor IRF3
(Fig. 5a). These data suggest that S100A10 deficiency enhances
TLR signaling in macrophages.
We next sought to determine at which level S100A10 inhibits

TLR-induced innate immune signaling. TLR ligands ultimately
induce MAPK and NF-κB activation via a complex cascade
composed of multiple kinases and adaptors. To elucidate the
molecular order and molecular target(s) of S100A10 in these two
major signaling pathways, we examined the effects of S100A10
overexpression on NF-κB, AP-1, and IFN-β promoter activation
mediated by various molecules by performing luciferase assays.
We cotransfected HEK293T cells with MyD88, TRIF, TAK1/TAB1,
TRAF6, IKKβ, or TLR4 to activate NF-κB-luc or AP-1-luc reporter
genes. We found that the activation of NF-κB by MyD88, TRIF,
TAK1/TAB1, TRAF6, and IKKβ and the activation of AP-1 by MyD88,
TRIF, TAK1/TAB1, and TRAF6 were not inhibited by S100A10

(Fig. 5b and Fig. S5b). In contrast, S100A10 inhibited TLR4-
mediated NF-κB and AP-1 activation in a dose-dependent manner
(Fig. 5b and Fig. S5b). In addition, TRIF, TRAF3, and TBK1-induced
IFN-β promoter activation was also not inhibited by S100A10 (Fig.
S5c). Therefore, these data indicate that S100A10 may target
proteins upstream of the common adaptors MyD88 and TRIF to
inhibit signal transduction.

S100A10 competes with MyD88 or TRIF to interact with the TIR
domain of TLR4
As our aforementioned results showed that S100A10 plays a
general inhibitory role in LPS-mediated signaling, including two
major signaling pathways, that is, the NF-κB and the MAPK
pathways, we next determined whether S100A10 functioned at
the receptor level. A previous study showed that S100A10 could
increase the localization of the 5-hydroxytryptamine receptor at
the cell surface.8 To understand the mechanisms by which
S100A10 regulates TLR4 signaling, we first examined whether
S100A10 could modulate the expression of TLR4, which is the
functional receptor for LPS. We found no detectable difference in
TLR4 surface expression levels between WT and S100A10-deficient
macrophages at steady state (Fig. S5d). The downregulation of
surface TLR4 in response to LPS challenge was also similar in WT
and S100A10-deficient macrophages, which excluded the possi-
bility that the enhancement of the TLR4 response achieved by an
S100A10 deficiency was due simply to the higher expression of
TLR4. Some S100 family proteins, including S100A8, S100A9,
S100A4, and S100A12, are linked directly to the innate immune

Fig. 2 Increased reactivity of S100A10-deficient macrophages to TLR stimulation. a–c Bone marrow-derived macrophages from WT and
S100a10−/− mice (n= 3 per group) were treated with or without Pam3CSK4 (50 ng/ml), poly(I:C) (10 μg/ml), or LPS (100 ng/ml) for 4 h (TNF-α
and IL-6) or 12 h (IFN-β). The concentrations of cytokines as indicated in supernatants were determined by ELISA. Data are representative of
four experiments (mean ± SEM of three samples; *P < 0.05; **P < 0.01)
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system and have been characterized as endogenous TLR4
ligands.16 Given that these family members exhibit a high degree
of structural similarity, we next sought to determine whether
S100A10 interacted with TLR4 and served as a cofactor in
inhibiting TLR signaling by forming a complex. HA-TLR4 and
Flag-S100A10 were cotransfected into HEK293T cells, and 24 h
later after transfection, co-IP experiments were performed with HA
antibody (Ab). We found that Flag-S100A10 was coprecipitated
with HA-TLR4 (Fig. 6a). It is well known that S100A8 or S100A9,
which is secreted by phagocytes, exerts both extracellular
regulatory effects and a broad range of intracellular functions.
However, in addition to having an intracellular distribution,
S100A10 is present on the cellular surface of many cell types,17

suggesting that it is unlikely that S100A10 binds to the
extracellular domain of TLR4. We assume that S100A10 may bind
to the intracellular domain of TLR4. To test this possibility, we
constructed a deletion mutant of the intracellular domain of TLR4
and transfected HEK293T cells with Flag-S100A10 together with
HA-tagged constructs of full-length TLR4 or truncated TLR4
lacking the Toll/interleukin-1 receptor (TIR) homology domain.
Flag-S100A10 was immunoprecipitated with both full-length
and truncated TLR4, although much less Flag-S100A10 was
associated with truncated TLR4 (Fig. 6b). We further extended
our studies to investigate the interaction of endogenous S100A10
with TLR4 in macrophages. We detected strong LPS-dependent
interactions between endogenous S100A10 and TLR4,
demonstrating the recruitment of S100A10 to TLR4 in an LPS
signal-dependent manner (Fig. 6c). Thus, these data suggest
that S100A10 may function at the receptor level in regulating
LPS-induced signaling.
All TLR family members signal via a conserved TIR domain in the

cytosolic region, which recruits TIR domain-containing adaptor
molecules, including MyD88 and TRIF, and activates NF-κB and
MAPK common signaling pathways. Considering that the interac-
tion of S100A10 with TLR4 was promoted by LPS treatment, we
next explored whether S100A10 inhibited LPS-mediated signaling
by interfering with the association between TLR4 and adaptors.
HEK293T cells were cotransfected with HA-TLR4, V5-MyD88, or V5-

TRIF and increasing doses of Flag-S100A10 plasmids. Twenty-four
hours after transfection, coimmunoprecipitation experiments were
performed with HA antibody. As shown in Fig. 6d, e, coimmuno-
precipitation analysis confirmed the interaction between
ectopically expressed S100A10 and TLR4, and S100A10 dose-
dependently inhibited the association between TLR4 and MyD88
or TRIF. Previous studies demonstrated that LPS treatment
increased the interaction not only between TLR4 and MyD88
but also between TLR4 and TRIF in macrophages.18 Next, we
performed coimmunoprecipitation assays in macrophages with an
endogenous TLR4 antibody. As shown in Fig. 6f, LPS stimulation
induced an interaction between TLR4 and MyD88 or TRIF, and
these interactions were markedly enhanced in S100A10-deficient
macrophages. Taken together, these data suggest that S100A10
binds to the TIR domain of TLR4 and interferes with the
association of TLR4 with MyD88 or TRIF, thereby inhibiting TLR4
activation and downstream signaling.

DISCUSSION
Macrophages are centrally involved in the promotion of TLR-
triggered innate immune responses and in the pathogenesis of
sepsis. The results reported here indicate that S100A10 functions
as an inhibitory modulator of TLR-mediated macrophage activa-
tion. S100A10 deficiency in macrophages enhances the TLR-
mediated secretion of proinflammatory cytokines and type I
interferon, as well as signaling transduction. Accordingly,
S100A10-deficient mice are more susceptible to LPS-induced
septic shock and E. coli challenge compared to WT mice. S100A10
is constitutively expressed at a high level in macrophages and is
distributed in the cytoplasm at steady state. The recognition of
PAMPs by TLRs leads to the latter recruiting the key adaptors
MyD88 or TRIF to initiate downstream signaling transduction while
at the same time inducing S100A10 to competitively interact with
the cytoplasmic TIR domain of TLRs to inhibit the interaction of
TLRs with MyD88 or TRIF, which may provide an effective way to
avoid overactivation. After full activation, proteasomal degrada-
tion activated by TLR signaling can degrade ubiquitinated

Fig. 3 S100a10−/− mice have more proinflammatory cytokine production when challenged with LPS and are more susceptible to endotoxic
shock. a WT and S100a10−/− mice (n= 5 per group) were injected intraperitoneally with LPS (5 mg/kg). The concentrations of TNF-α, IL-6, and
IFN-β in sera were measured by ELISA 6 h after LPS injection. b WT and S100a10−/− mice (n= 5 per group) were injected intraperitoneally with
LPS (10mg/kg). Survival was monitored until 96 h after the initiation of injection. c Hematoxylin and eosin staining of lungs from WT and
S100a10-−/− mice 6 h after challenge with LPS. Original magnification, ×100. Data are representative of three experiments (mean ± SEM of five
samples; *P < 0.05; ***P < 0.001)
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S100A10 protein in the cells. Thus, S100A10 serves as a negative
regulator of TLR-triggered innate inflammatory responses.
S100A10 negatively regulates TLR signaling pathways, as

revealed by the inhibition of cytokine production and the
promotion of the inactivation of transcription factors (Figs. 3
and 5). Moreover, the effect of S100A10 is exerted at the initial
signaling events, that is, TLR4-MyD88 or TLR4-TRIF complex
formation (Fig. 6). Emerging evidence indicates that several
molecules act as negative regulators in multiple TLR signaling
pathways and exert their effects at the level of receptors or
adaptors.19,20 For example, IRF4 is induced by TLR activation and
competes with IRF5 for binding to MyD88, resulting in the
shutdown of the expression of IRF5-dependent genes.21,22 TRAM
adaptor with GOLD domain (TAG), a variant of TRAM, competes
with TRAM for TRIF binding and inhibits the TRIF-dependent
pathway.23 ST2 negatively regulates TLR2 and TLR4 signaling but
not TLR3 signaling, which is not completely similar to the effects
of S100A10.24 Although ST2 inhibits TLR4 signaling by sequestra-
tion of the adaptor MyD88, but not of TRIF,24 S100A10 suppresses
the LPS-induced interaction between TLR4 and MyD88 and
between TLR4 and TRIF. Thus, the mechanisms of negative
regulation by different regulators of the TLR signaling pathways
are dependent not only on the type of adaptor protein as well as
transcription factors but also on the specificity of TLRs.
S100A10 exerts its negative regulatory effect on TLR signaling

pathways through its direct effect on immediate signaling events,
including signal-triggered NF-κB, MAPKs, and IRF3 activation.
Nevertheless, the details of the mechanism by which S100A10
exerts its effect on signal transduction are not yet clear. Given that
S100A10 is a dimeric protein composed of only two 11-kDa
subunits, this protein does not have the classical TIR domain,
which often mediates the interaction with TIR domain-containing
target receptors. However, LPS treatment promotes the associa-
tion of S100A10 with TLR4 and may also lead to the formation of a
complex between S100A10 and MyD88 or TRIF. We propose that
S100A10 may negatively regulate TLR pathways via its interaction
with the TLR complex. Upon LPS treatment, receptor-proximal
signaling components, including MyD88 and TRIF, are recruited to
TLR4 to form a receptor complex. After their appropriate activation
at the receptor complex, these key signaling adaptors are released
from the receptor to interact and activate downstream signaling
molecules. S100A10 may negatively regulate the TLR pathways by
interfering with the appropriate recruitment and activation of the
receptor-proximal signaling components (e.g., MyD88 and TRIF) or
by promoting the dissociation of the activated signaling
components from the receptor complex.
The S100 proteins, belonging to a calcium-binding cytosolic

protein family, have a broad range of intracellular and extracellular
functions. At least four S100 proteins are specifically linked to innate
immune functions by their expression in cells of myeloid origin via
interactions with different receptor systems. In particular, S100A8 and
S100A9 are endogenous ligands of TLR4 and are important in the
pathogenesis of sepsis upstream of TNF-α action.25 S100A12 has

been shown to exhibit its proinflammatory activities via interaction
with the multiligand receptors RAGE and TLR4, acting as an amplifier
of innate immunity during early inflammation and the development
of sepsis.26,27 Furthermore, S100A4 has been identified as a marker of
a specific subset of inflammatory macrophages in liver injury and
fibrosis,28 with its effect likely mediated by upregulation of c-Myb.29

Recently, S100A11 was identified as the alarmin protein, which
induces a potent chemokine response to Toxoplasma gondii by
engaging RAGE and regulates monocyte recruitment.30 However,
unlike these members, S100A10 is Ca2+ insensitive due to
substitutions in both EF-hand regions, so its binding to cellular
target proteins is Ca2+-independent. Many reports have shown that
S100A10-annexin A2 heterotetramers positively regulate the expres-
sion of a number of cell surface receptors and ion channels.6

However, inconsistent with previous studies, we found no correlation
between S100A10 and cell surface expression levels of TLR4 before
and after stimulation, raising the possibility that the regulatory role of
S100A10 on TLR-triggered responses is S100A10-annexin A2
heterotetramer independent. Indeed, Swisher et al.31 found that
extracellular annexin A2 could modulate macrophage activation
through TLR4. However, annexin A2 has different or additional
requirements for TLR4 signaling compared with the classical ligand
LPS, indicating that annexin A2 may provide other ways for the
discrete regulation of TLR responses.31 A more recent study
demonstrated that S100A10 interacts physically with the cytosolic
tail of chemokine receptor CCR10.7 Notably, a similar interaction was
observed between S100A10 and the cytosolic TIR domain of TLR4,
but the binding site located within the TIR domain needs to be
further investigated. Given that the effect of S100A10 on the TLR-
mediated response may be annexin A2 independent, S100A10 may
bear distinct binding sites for TLR4 and annexin A2, and the site that
is most likely covered by annexin A2 may not be required for TLR4
binding. In addition, future studies also need to confirm whether
cAMP/protein kinase A is involved in these processes.
The first characterization of S100A10 function in macrophages

was reported by O’Connell et al.12 They used a thioglycolate (TG)-
induced peritonitis model to elucidate the potential role of
S100A10 in the regulation of peritonitis-dependent macrophage
migration and found that S100a10−/− mice displayed severely
compromised macrophage recruitment in response to inflamma-
tory stress.12 The authors concluded that S100A10 is required for
macrophage invasion into the peritoneal cavity in this noninfec-
tious inflammation model (i.e., TG-induced peritonitis).12 We
confirmed this phenotype by using the recently generated
S100A10-deficient mice in our laboratory with the CRISPR-Cas9
targeting strategy (data not shown). As previously reported, TG
broth, a kind of inflammogen that induces inflammation, causes a
milder and longer-lasting accumulation of macrophages.32 How-
ever, the inflammation induced by thioglycolate is confined
primarily to the peritoneal cavity. In the present study, we sought
to determine the contribution of S100A10 to the inflammatory
responses induced by the bacterial product LPS or intact bacteria E.
coli. Intraperitoneal administration of LPS or E. coli induces not only

Fig. 4 S100a10-−/− mice are more susceptible to E. coli infection. a WT and S100a10−/− mice (n= 5 per group) were injected intraperitoneally
with E. coli (1 × 107 CFU). The concentrations of TNF-α and IL-6 in sera were measured by ELISA 4 h after injection. b WT and S100a10−/− mice
(n= 5 per group) were injected intraperitoneally with E. coli (5 × 107 CFU). Survival was monitored until 108 h after the initiation of injection.
Data are representative of three experiments (mean ± SEM of five samples; **P < 0.01; ***P < 0.001)
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local inflammation in the peritoneal cavity but also significant
systemic inflammatory effects, which well mimics inflammatory
responses to clinical infection processes. Our data argue against
the established inflammatory role of S100A10 during the
inflammatory response.33 Indeed, our study supports the notion
that S100A10 serves as an anti-inflammatory protein. On the basis
of our findings, combined with the previous report that S100A10 is
required for macrophage recruitment in response to inflammatory
stimuli, we propose a regulatory model that is carried out by
S100A10 during the inflammatory responses: S100A10 positively
regulates macrophage migration via an interaction with annexin
A2 and negatively regulates macrophage immune responses via an
interaction with the TLR signaling complex. The S100A10-based
regulatory outcome guarantees effective recruitment of inflamma-
tory cells to the site of an infection as well as an adequate host
defense against invading microorganisms. However, we do not
have evidence that these proteins are in a single complex.
Therefore, by integrating different signaling pathways that play
related roles, S100A10 may more effectively control complex
cellular processes such as migration and survival than by targeting
only a single pathway.
Taken together, we have demonstrated for the first time that

S100A10 negatively regulates TLR signaling pathways likely by
interfering with the appropriate recruitment and activation of the
receptor-proximal signaling components, resulting in suppression of
downstream signaling and cytokine production. Although further
studies are needed to elucidate the precise mechanisms of S100A10
action, our results reveal that S100A10 is a novel candidate for a
negative regulator of the TLR signaling pathways. This finding
advances our understanding of the mechanisms of inflammatory
diseases, such as sepsis, a leading cause of death worldwide that has
little effective treatment, and it may lead to the development of
S100A10-based strategies for treating inflammatory diseases.

METHODS
Mice
S100a10−/− mice on a C57BL/6J background were generated with
CRISPR/Cas9-mediated genome editing by Cyagen Biosciences Inc.
(Guangzhou, China). S100a10−/− mice bearing a 7-bp deletion in

exon 2, resulting in the degradation of truncated S100a10 mRNA,
were identified with primers flanking the break sites. The
sequences of the primers were 5′- CCCCCAAACTGAGCCTTAGA-3′
(forward) and 5′-GAACTCCCGTTCCATGAGCA-3′ (reverse). The
sequence-validated F0 generation mice mated with WT C57BL/
6J mice to produce positive F1 generation heterozygous mice.
Heterozygous mice were then bred to obtain viable homozygous
mice. All mice used were age- and sex matched and 8–12 weeks
old and were maintained under pathogen-free conditions in the
Xinxiang Medical University Animal Care Facilities. All animal
procedures were preapproved by the Institutional Animal Care
and Use Committee of Xinxiang Medical University.

Reagents and antibodies
LPS (E. coli O111:B4) and poly(I:C) were purchased from Sigma-
Aldrich. Pam3CSK4 was purchased from InvivoGen. MG132 was
obtained from Merck-Calbiochem. Escherichia coli O111:B4 was
obtained from the China Center for Type Culture Collection. Anti-p-
IκBα (9246), anti-p-p38 (9215), anti-p-JNK (9251), anti-p-ERK (4377),
and anti-p-IRF3 (Ser 396, 29047) were purchased from Cell
Signaling Technology. Anti-p38 (A11340), anti-JNK1 (A0288), anti-
TLR4 (A5258), anti-MyD88 (A0980), anti-TRIF (A1155), and anti-ERK
(A10613) antibodies were purchased from Abclonal Technology.
Anti-S100A10 (11250-1-AP), anti-IRF3 (11312-1-AP), and anti-β-actin
(66009-1-Ig) were purchased from Proteintech. Anti-Ub (sc-8017)
and protein A/G agarose (sc-2003) used for immunoprecipitation
were purchased from Santa Cruz Biotechnology. Anti-Flag (F3165)
was purchased from Sigma. Anti-HA (901513, previously Covance
catalog# MMS-101R) and anti-V5 (680601) were obtained from
BioLegend. Fluorochrome-conjugated anti-CD4 (GK1.5), anti-CD8
(53-6.7), anti-B220 (RA3-6B2), anti-Ly-6G (1A8), anti-CD11b (M1/70),
anti-CD11c (N418), anti-TLR4 (SA15-21), anti-F4/80 (BM8), anti-
CD44 (IM7), and anti-CD62L (MEL-14) antibodies were purchased
from BioLegend. Fluorochrome-conjugated anti-CD25 (PC61.5) and
Foxp3 (FJK-16s) antibodies were purchased from eBioscience.

Endotoxin-shock model and E. coli infection
For the endotoxin-shock mouse model, mice were injected
intraperitoneally with LPS from E. coli 055:B5 LPS (L2880, Sigma)
at 10 mg/kg, as described previously.34 For E. coli infection,

Fig. 5 S100A10 deficiency increases the MyD88- and TRIF-dependent activations of the NF-κB, MAPKs, and IRF3 pathways in macrophages.
a Bone marrow-derived macrophages from WT and S100a10-−/− mice (n= 3 per group) were treated with or without LPS (100 ng/ml) for the
indicated times. The phosphorylated (p-) and total NF-κB, MAPKs, and IRF3 signaling proteins in whole-cell lysates were determined by
Western blot. b HEK293T cells were transiently transfected with MyD88, TRIF, TAK1 plus TAB1, TRAF6, IKKβ, or TLR4, together with NF-κB-luc
reporter plasmid and increasing amounts of S100A10 plasmid, and luciferase activities were analyzed. Data are representative of three
experiments (mean ± SEM of three samples in b; *P < 0.05, **P < 0.01). Similar results were obtained in three independent experiments in a
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serotype O111:B4 in mid-logarithmic growth was collected,
counted on agar plates, and then resuspended in sterile
phosphate-buffered saline (PBS). Mice were injected intraperito-
neally with 200 μl bacterial suspension (5 × 107 colony-forming
units) and were monitored for survival rates. The concentrations of
TNF-α, IL-6, and IFN-β in sera were measured by enzyme-linked
immunosorbent assay (ELISA). Lungs were collected for hematox-
ylin and eosin (HE) staining in mice given an intraperitoneal
injection of LPS (5 mg/kg) or E. coli (1 × 107 colony-forming units).

Plasmid constructs
Human S100A10 ORF (NM_002966) was obtained from Vigene
Biosciences and subcloned into a pcDNA3.1 eukaryotic expression
vector (Invitrogen) with a Flag tag at the C terminus. Recombinant
vectors encoding TRAF6 and TRAF3 were constructed by PCR-
based amplification of complementary DNA (cDNA) from THP-1
cells and then cloned into a pcDNA3.0 eukaryotic expression
vector (Invitrogen) with an HA tag at the C terminus. The deletion
mutant of HA-tagged TLR4 was generated by PCR. The primers
used for amplification of the sequence encoding TLR4-ΔTIR were
5′-CTGGATGGTAAATCATGGAATCCAGAAGGA-3′ and 5′-GATGTTT
TCACCTCTACCATACTTTATGCA-3′. All constructs were confirmed
by DNA sequencing. TLR4, MyD88, TRIF, TBK1, and IKKβ expression
plasmids and IFN-β reporter plasmids were gifts from Dr. Peihui
Wang (Shandong University, Shandong, China). TAK1 and

TAB1 expression plasmids and NF-κB reporter plasmids were
provided by Dr. Wei Zhao (Shandong University, Shandong,
China). The AP-1 reporter plasmid was purchased from Beyotime
Biotechnology.

Cell culture and transfection
BMDMs were generated as described previously.35 The purity of
the BMDMs was >95%, as determined by CD11b+ and F4/80+ flow
cytometry staining. Bone marrow-derived mature neutrophils
were purified by Percoll gradient centrifugation as described
previously.35 The purity of the neutrophils was ~85%, as assessed
by CD11b+ and Ly-6G+

flow cytometry staining. Thioglycolate-
elicited peritoneal macrophages were prepared as described
previously.36 The HEK293T cell line was obtained from American
Type Culture Collection. Primary macrophages and HEK293T cells
were maintained in complete Dulbecco’s modified Eagle’s
medium supplemented with 10% (vol/vol), fetal bovine serum
(FBS) (Gibco), penicillin (100 U/ml), and streptomycin (100 μg/ml)
(Gibco). HEK293T cells were transiently transfected with plasmids
using PEI reagent according to the manufacturer’s instructions
(Polysciences).

ELISA and real-time PCR
The concentrations of TNF-α and IL-6 in sera or in cell culture
supernatants were determined with ELISA kits (eBioscience). The

Fig. 6 S100A10 interacts with TLR4 and affects its association with adaptor proteins. a HEK293T cells were transiently transfected with
expression plasmids for Flag-tagged S100A10 and HA-tagged TLR4 as indicated. Twenty-four hours later, cell lysates were prepared and
immunoprecipitated (IP) with anti-HA or control IgG. The precipitates and whole-cell lysates were subjected to immunoblot (IB) with
antibodies for the indicated antigens. b HEK293T cells were transiently transfected with plasmids expressing Flag-tagged S100A10 and either
HA-tagged full-length TLR4 (HA-TLR4 WT) or HA-tagged truncated TLR4 lacking TIR (HA-TLR4-ΔTIR); IP with anti-HA or control IgG was
followed by IB with anti-Flag and anti-HA antibodies. c Bone marrow-derived macrophages from WT (n= 3) mice were stimulated with LPS for
the indicated time periods. Cell lysates were then subjected to IP with anti-TLR4 or control IgG, followed by IB analysis with anti-S100A10, anti-
TLR4, and anti-β-actin antibodies. d, e HEK293T cells were transiently transfected with plasmids expressing HA-tagged TLR4 or HA-tagged
empty vector, V5-tagged MyD88 (d) or V5-tagged TRIF (e) together with increasing amounts of Flag-tagged S100A10; IP with anti-HA was
followed by IB with anti-Flag, anti-V5, anti-HA, and anti-β-actin antibodies. f Bone marrow-derived macrophages from WT and S100a10−/− mice
(n= 3 per group) were treated with or without LPS (100 ng/ml) for the indicated times. Cell lysates were then subjected to IP with anti-TLR4 or
control IgG, followed by IB analysis with anti-TLR4, anti-MyD88, anti-TRIF, and anti-β-actin antibodies. Similar results were obtained in three
independent experiments
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concentration of IFN-β in sera or in cell culture supernatants was
measured with an ELISA kit (BioLegend) according to the
manufacturer’s instructions. Total RNA was extracted with TRIzol
reagent (Invitrogen), as described previously.37 Briefly, 500 ng of
total RNA were reverse transcribed using RT Master Mix (Takara).
Real-time quantitative PCR was carried out in an Applied
Biosystems 7500 System with TB Green Premix Ex Taq II (Takara).
The relative changes in gene expression were analyzed by the
2−ΔΔct method, and a melting-curve analysis was performed to
ensure the specificity of the products. Each sample was run in
triplicate. The relative changes in gene expression were calculated
using β-actin as the loading control. The specific primers used are
shown in Supplemental Table 1 and were synthesized by GENEWIZ.

Immunoprecipitation and Western blot analysis
Cells were lysed with cell lysis buffer containing 1% (vol/vol)
Nonidet P-40, 50 mM Tris-HCl (pH 7.6), 50 mM EDTA, 150 mM
NaCl, and protease inhibitor cocktail tablets (Roche). The lysates
were cleared by centrifugation for 15 min at 14,000 × g and
incubated with 1 μg monoclonal anti-Flag or 1 μg monoclonal
anti-HA together with protein A/G Plus-agarose Immunoprecipi-
tation reagent (Santa Cruz) at 4 °C overnight. After incubation, the
beads were washed three times with lysis buffer and boiled for
10 min in 30 μl 2× sodium dodecyl sulfate (SDS) sample buffer.
For endogenous immunoprecipitation experiments, the cell
lysates were incubated with the indicated antibodies, as
described above. For Western blot analysis, immunoprecipitates
or whole-cell lysates were loaded and subjected to SDS-
polyacrylamide gel electrophoresis, transferred onto polyvinyli-
dene difluoride membranes (Millipore), and then blotted by an
Amersham Imager 600RGB detection system (GE Healthcare), as
described previously.36,38

Flow cytometry
Immune organs including bone marrow, thymus, spleen, and
lymph nodes or BMDMs were collected to obtain single-cell
suspensions following standard procedures, as described pre-
viously.39 Cells were stained with fluorochrome-conjugated
antibodies for CD4, CD8, B220, Ly-6G, CD11b, CD11c, TLR4, F4/
80, CD25, CD44, Foxp3, and CD62L in 2% FBS-PBS at 4 °C for 20
min and washed with PBS. Intracellular staining for Foxp3 was
performed using a Foxp3 Staining Buffer Set (eBioscience). For the
gating strategy, forward scatter/side scatter was initially applied to
the gate for live cells and then used for the antibodies with
specific fluorochromes to make the subsequent gates. Data were
acquired by flow cytometry using a guava easyCyte™ HT System
(Millipore) and analyzed with guavaSoft™ software (Millipore).

Luciferase assay
HEK293T cells were seeded into 24-well plates and transfected
with 200 ng NF-κB, AP-1, or IFN-β luciferase reporter plasmids, 20
ng pRL-TK Renilla luciferase internal control plasmids together
with increasing amounts of S100A10 (0, 200, and 400 ng)
expression plasmids, and indicated adaptor plasmids using PEI
transfection reagent. Total amounts of DNA were maintained
constantly by supplementing with a pcDNA3.1 empty vector.
Twenty-four hours after transfection, cells were collected, and
luciferase activities were measured with a Dual-Luciferase
Reporter Assay System (Promega) according to the manufacturer’s
instructions. Data were acquired by GloMax EXPLORER (Promega)
and were normalized for transfection efficiency by dividing firefly
luciferase activity with that of Renilla luciferase.

Phagocytosis assays
For flow cytometry-based measurement of phagocytosis, a total
of one million WT or S100a10−/− BMDMs were seeded in 12-well
plates. FcγR-mediated phagocytosis was performed using fresh
mouse serum-opsonized FITC-labeled latex beads (2 μm, Sigma)

at a macrophage/target ratio of 1:10. Complement-mediated
phagocytosis was performed using fresh mouse serum-
opsonized FITC-labeled zymosan particles (Molecular Probes)
at a macrophage/target ratio of 1:20. Samples were incubated
for 15 min at 4 °C for binding, followed by 30 min at 37 °C or 4 °C
for phagocytosis. To analyze the phagocytosis of bacteria, FITC-
labeled E. coli (Molecular Probes) was opsonized with normal
mouse serum (Invitrogen), mixed with BMDMs at a macrophage/
target ratio of 1:30, and incubated at 37°C or 4°C for 30 min.
After incubation, plates were rapidly washed twice with ice-cold
PBS. The fluorescence of extracellular particles was quenched by
replacement of the medium with 0.2% Trypan blue (Sigma) in
PBS, and cells were collected with 5 mM EDTA-PBS. Cells were
then fixed with 2% paraformaldehyde in PBS, stained with
Percpcy5.5-conjugated anti-CD11b, and analyzed by flow
cytometry. Phagocytosis of dextran was performed as described
previously.16,35 Briefly, FITC-dextran (Sigma) was added to the
cell suspension at a final concentration of 1 mg/ml. The cells
were incubated for 30 min at 37 °C or 4°C, washed with ice-cold
PBS, and analyzed by flow cytometry.

Statistical analysis
All quantitative data are presented as the means ± SEM of two or
three experiments. The survival curves were plotted according to
the Kaplan–Meier method and compared by the log-rank test. A
two-tailed Student’s t test was used for all other cases, with a p
value <0.05 considered statistically significant. All statistical
analyses were performed with Prism 5.0 for Windows (GraphPad
Software).
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