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Sepsis is one of the leading causes of death worldwide.
Although the prevailing theory for the sepsis syndrome is a con-
dition of uncontrolled inflammation in response to infection,
sepsis is increasingly being recognized as an immunosuppres-
sive state known as endotoxin tolerance. We found sialylation
of cell surface was significantly increased on LPS-induced toler-
ant cells; knockdown of Neu1 in macrophage cell line RAW
264.7 cells resulted in enhanced LPS-induced tolerance,
whereas overexpression of Neu1 or treatment with sialidase
abrogated LPS-induced tolerance, as defined by measuring
TNF-� levels in the culture supernatants. We also found that the
expression of Siglec-1 (a member of sialic acid-binding Ig (I)-
like lectin family members, the predominant sialic acid-binding
proteins on cell surface) was specifically up-regulated in endo-
toxin tolerant cells and the induction of Siglec-1 suppresses the
innate immune response by promoting TGF-�1 production.
The enhanced TGF-�1 production by Siglec-1 was significantly
attenuated by spleen tyrosine kinase (Syk) inhibitor. Knockdown of
siglec-1 in RAW 264.7 cells resulted in inhibiting the production of
TGF-�1 by ubiquitin-dependent degradation of Syk. Mechanisti-
cally, Siglec-1 associates with adaptor protein DNAX-activation
protein of 12 kDa (DAP12) and transduces a signal to Syk to control
the production of TGF-�1 in endotoxin tolerance. Thus, Siglec-1
plays an important role in the development of endotoxin tolerance
and targeted manipulation of this process could lead to a new ther-
apeutic opportunity for patients with sepsis.

Sepsis is generally defined as a systemic inflammatory
response syndrome in response to infection. Sepsis can be
potentially life threatening; of more than 1 million Americans
who are diagnosed with severe sepsis every year, between 28
and 50% will die from this disease (1, 2). It is well-recognized
that patients with sepsis are often immune suppressed, a state
of reduced responsiveness to endotoxin known as endotoxin
tolerance, deaths in this immunosuppressive phase are typically
due to failure to control the secondary infections (3–5). The
molecular mechanisms underlying this endotoxin tolerance
phenomenon is poorly understood.

Sialic acids are a family of nine-carbon acidic monosaccha-
rides and are involved in immune response, such as host-patho-
gen recognition, migration, and antigen presentation. Mount-
ing experimental evidence suggests that the presence of sialic
acid residue act as a marker of self in the immune system, as
such residues are absent from most microbes (6). Indeed, host
cells can be lysed by immune cytotoxic effector mechanisms
after extensive desialylation, an observation that demonstrates
the significant role played by cell surface sialic acids in the self-
recognition process (7). In addition, normal human serum con-
tains natural antibodies to sialidase-treated red blood cells
(7–9), lymphocytes (10), and thymocytes (7). Recently, Mees-
mann et al. showed that desialylation acted as an “eat me” signal
and caused an enhanced uptake of apoptotic cells (11).
Increases of sialylation contribute to the tolerant phenotype in
CD4� T cells (12), dendritic cells, and regulatory T cells (13).
The sialylation level of the cells is mainly depended on the activ-
ity of the two enzymes, sialyltransferases response for adding
sialic acid residues to the glycolipids or glycoproteins and siali-
dase response for removing sialic acid residues from the glyco-
lipids or glycoproteins. However, whether the two enzymes
contribute to the development of endotoxin tolerance in
macrophages is still unknown, and needs to be investigated.

Siglecs are membrane-bound lectins containing an N-termi-
nal Ig V-set domain followed by 2–17 Ig C-2 domain (14, 15),
most of them are expressed on immune cells and have immu-
nosuppressive properties, which negatively regulate immune
response (14 –16). It has been shown that Siglecs play an impor-
tant role in the internalization of sialic acid-expressing patho-
gens (17–19), in controlling allergic asthma (20, 21), and in
self-tolerance (22). Previously, we found that Siglec G/10-CD24
interaction selectively represses the NF-�B-driven inflamma-
tory response to danger-associated molecular patterns
(DAMPs),2 but not pathogen-associated molecular patterns
(PAMPs) (23, 24). Recently, we reported extensive and direct
interactions between Siglecs and Toll-like receptors (TLRs) and
dendritic cells from Siglece-deficient mice demonstrated
increased responses to all TLR ligands tested (25). However,
whether Siglecs contribute to the development of endotoxin
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tolerance is still unknown, and further experimental investiga-
tion is needed to delineate this and identify effective targets for
sepsis therapy.

In the present study, we found that sialylation of cell surface
was significantly increased on LPS-induced tolerant cells and
specific up-regulation of Siglec-1 contributes to suppress the
immune response by promoting the production of TGF-�1
during endotoxin tolerance, which might be an important reg-
ulatory mechanism for controlling immune response in LPS-
induced tolerance.

Experimental Procedures

Reagents—Anti-Siglec-1 antibodies (catalogue no.
MAB5610, lot no. CEIE0113111) and anti-Siglec-1-PE (cat. no.
FAB5610, lot no. ABSE0114041) were purchased from R&D
Systems (Minneapolis, MN). Anti-ST3Gal6 antibody (cat. no.
ab106527, lot no. GR266217-1) was purchased from Abcam.
Anti-mouse CD11c (cat. no. 550261, lot no. 5016523), CD11b
(cat. no. 553310, lot no. 4314772), B220 (cat. no. 552771, lot no.
4324784), PE Mouse Anti-human CD14 (cat. no. 555398, lot no.
5156850), and PE mouse anti-human CD11c (cat. no. 560999,
lot no. 6014759), antibodies were purchased from BD Biosci-
ence (San Jose, CA). Anti-Neu1 (cat. no. sc-32936, lot no.
B2813), anti-Neu3 (cat. no. sc-134931, lot no. L1712), Syk (cat.
no. sc-1077, lot no. B1815), JNK (cat. no. sc-7345, lot no.
G2814), P-JNK (cat. no. sc-6254, lot no. C1915), P38 (cat.
no. sc-535, lot no. H1015), P-P38 (cat. no. sc-17852-R, lot no.
H6015), Erk (cat. no. sc-94, lot no. H0615), P-ERK (cat. no.
sc-7383, lot no. F2613), �-actin (cat. no. sc-1615, lot no. C2015),
antibodies, streptavidin-HRP (cat. no. 21130, lot no. PJ208901),
and horseradish peroxidase-conjugated anti-mouse (cat. no.
sc-2005, lot no. I114), anti-goat (cat. no. sc-2056, lot no. E1314),
or anti-rabbit (cat. no. sc-2004, lot no. H1015/I2314) secondary
antibodies, and Syk siRNA (cat. no. sc-44328, lot no. J2214 ) and
control siRNA (cat. no. sc-37007) were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA). Anti-ubiquitin mouse
monoclonal antibody (FK2) (cat. no. ST1200, lot no.
D00165221) and lipopolysaccharide (LPS, from Escherichia coli
0111:B4) (cat. no. 437627) were from EMD Millipore, Merck
KGaA, Darmstadt, Germany. Biotinylated Maackia Amurensis
Lectin II (MAL II) (cat. no. B-1265, lot no. ZA1020) and bioti-
nylated Sambucus Nigra Lectin (SNA, EBL) (cat. no. B-1305, lot
no. Z1002) were purchased from Vector Laboratories (Burlin-
game, CA). Neuraminidase (sialidase) from Vibrio cholerae
(cat. no. 11080725001) was purchased from Sigma. MG132 (cat.
no. 3175-v, lot no. 640311) was purchased from peptide insti-
tute, Inc, Osaka, Japan. Healthy human peripheral blood was
obtained from LONZA (cat. no. CC-2702). RAW 264.7 cells
were obtained from ATCC and cultured in Dulbecco’s modi-
fied Eagle’s medium (ThermoFisher Scientific, Waltham, MA)
supplemented with 10% heat-inactivated fetal bovine serum, 2
mM glutamine, 100 �g/ml penicillin and streptomycin. Syk
inhibitor piceatannol (cat. no. sc-200610), SP600125 (JNK
inhibitor) (cat. no. sc-200635), SB203580 (P38 inhibitor) (cat.
no. sc-3533), ERK inhibitor (cat. no. sc-221593) were purchased
from Santa Cruz Biotechnology.

Cell Culture and Lentivirus Infection—D2SC/1 dendritic
cells were obtained from Dr. Peter G. Stock and Sang-Mo Kang

(University of California, San Francisco, CA) with the permis-
sion from Dr. Paola Ricciardi-Castagnoli (University of Perugia,
Italy), and maintained in Dulbeco’s minimal essential medium
supplied with 10% heat-inactivated fetal calf serum and 1% pen-
icillin and streptomycin. The lentiviral vectors expressing Neu1
shRNAs were from ThermoFisher Scientific. The lentiviral vec-
tors expressing Siglec-1 shRNAs were from Sigma. Puromycin
(cat. no. sc-108071B) was purchased from Santa Cruz Biotech-
nology. Stable clones were obtained after selection with puro-
mycin (2.5 �g/ml) for 2 weeks after infection.

Measurement of TGF-�1—Total TGF-�1 in cell culture
supernatants was measured after converting latent TGF-�1 to
active TGF-�1 by acidification (10-min incubation at room
temperature with 0.2 volume of 1 N HCl for cell culture super-
natants, followed by neutralization by adding the same volume
of 1.2 N NaOH in 0.5 M HEPES) with a 2-antibody ELISA assay
specific for the activated form of TGF-�1 (R&D Systems, cat.
no. DY1679 – 05, lot no. 32710).

Experimental Animal Models—All mice were used at 6 – 8
weeks of age. All animal procedures were approved by the Ani-
mal Care and Use Committee of University of Tennessee
Health Science Center. Wild-type C57BL/6J mice were pur-
chased from Jackson Laboratory.

Quantitative Real-time PCR Analysis—Neu1– 4, sialyltrans-
ferases and Siglecs expression were measured by real-time po-
lymerase chain reaction. Samples were run in triplicate, and the
relative expression was determined by normalizing expression
of each target to the endogenous reference, hypoxanthine phos-
phoribosyltransferase (Hprt) transcripts or GAPDH. Real-time
PCR primers used for mouse genes were as follows: Siglec1
sense, CTAGCAACACATTGGGCAAC; Siglec1 antisense,
CCAGTACAGTGGCCTTAGCA; Siglec2 sense, GTTCCTG-
GTCACCCAGAAGT; Siglec2 antisense, TGGGACCTCCCT-
CTCTCTC; Siglec3 sense, AAGACCATGGAACCAACCTC;
Siglec3 antisense, TTTCCCTGGACCAACTCTTC; Siglec4
sense, TCCAACCTTCTGTGTTAGCG; Siglec4 antisense,
AGTGGCCTTTCAACCAAGTC; Siglece sense, GGTTGAC-
TGACTGGACTGACT; Siglece antisense, AATCTTTGCGT-
CTGTCGGTTC; Siglecf sense, TACGAAAGGCAACCATC-
TTG; Siglecf antisense, AGATGACCCTGGATTGGGTA;
Siglecg sense, GTCCCAGACTTGCATGAGAATC; Siglecg
antisense, GACCCAGCTCAGTGTAGCA; Siglech sense,
CTGGAGCTGGTGTGACTGTT; Siglech antisense, TTTCC-
CTGGACCAACTCTTC; Siglec15 sense, CCACGATCGCTA-
TGAGAGTC; Siglec15 antisense, ACCGAGATGTTGAC-
GATCC; ST6Gal1 sense, ACCATCCGCCTAGTGAACTC;
ST6Gal1 antisense, CTTCTGATACCACTGCGGAA; ST6Gal2
sense, ACTTGAAGCAATGGCGACAAC; ST6Gal2 antisense,
GCTTGCCCTGTAGAGGCAG; ST6GalNAc1 sense, TGACT-
GTGTTGGCATTGCTCT; ST6GalNAc1 antisense, CTCCTGT-
TTCTTCAGGTCCTTTG; ST6GalNAc2 sense, CCTCATGCT-
GTACTCCTCGG; ST6GalNAc2 antisense, CGGTGGTTT-
GGGGTCAAAGA; ST6GalNAc3 sense, CCACGAGCATTCT-
TTGACCC; ST6GalNAc3 antisense, CCAGGGACAGCG-
AGTGTTG; ST6GalNAc4 sense, AGCCTCTTATCCGAGA-
ACTGT; ST6GalNAc4 antisense, GGCCTGAACCCAGCAT-
CTG; ST6GalNAc5 sense, TTCAGGACCCGATGAATGTA;
ST6GalNAc5 antisense, TCTGGTTTCCAGTCTGGTTG;
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ST6GalNAc6 sense, AACAGTGCCAACGAGGTCTTC;
ST6GalNAc6 antisense, CTTGTTGCCGAGGATAGGGAA;
ST3Gal1 sense, GGAGAGAATGTCAACATGGTCC; ST3Gal1
antisense, GTGTGAGTGATGGTGCCTGT; ST3Gal2 sense,
TTCGGGTGTGGTTCCTCTCTA; ST3Gal2 antisense, CGCT-
GTAGTCCTGAATAGCCT; ST3Gal3 sense, AAGCTGGACT-
CTAAACTGCCT; ST3Gal3 antisense, TGCTGGCTTGGAGA-
ACCTG; ST3Gal4 sense, ACCAGCAAATCTCACTGGAAG;
ST3Gal4 antisense, CCCTGGAAGCATGGCTCTTTC; ST3Gal5
sense, CCCGAACCCAGCACAAGAT; ST3Gal5 antisense,
ACTCCAAATGCAACCAACGTG; ST3Gal6 sense ACTGTGG-
GGAACAAATGGCTA; ST3Gal6 antisense, GGACATGGCAG-
CAACCTTT; ST8Sia1 sense, GCTACCCGTAGGAGCCAGT;
ST8Sia1 antisense, CAGCACCCCTTGCACAATCT; ST8Sia2
sense, AGGCAGAGGTACAATCAGATCA; ST8Sia2 antisense,
GAGAGAGCGTCTGGTTGTGTC; ST8Sia3 sense, AGTGTG-
CTAGGGCTGGTCAT; ST8Sia3 antisense, TGGCGTACTTG-
GGAGTGGT; ST8Sia4 sense, ATGCGCTCAATTAGAAAAC-
GGT; ST8Sia4 antisense, CGATGAGTTGCGTCTCTTGGT;
ST8Sia5 sense, AGATTTGTTGGGGAATCGAACTT; ST8Sia5
antisense, GCTGTCATTAAAGAGCCCAGTC; ST8Sia6 sense,
TCCTGCGTATGCTCTGGTG; ST8Sia6 antisense, CTGTTCC-
TGGTGCGTGGTA; Neu1 sense, ATGTGACCTTCGACCCT-
GAG; Neu1 antisense, TCCTTCTGCCAGGATGTACC; Neu3
sense, TGCGTGTTCAGTCAAGCC; Neu3 antisense, GCAGT-
AGAGCACAGGGTTAC; GAPDH sense, CATGGCCTTCCG-
TGTTCCTA; GAPDH antisense, CCTGCTTCACCACCTTC-
TTGAT. Real-time PCR primers used for human genes were
as follows: Siglec1 sense, AATCAAAGGCATCATTTTAG-
GGATA; Siglec1 antisense, CCATCAATGACCCCTTCA-
TTG; GAPDH sense, AACGGGAAGCTTGTCATCAAT-
GGA; GAPDH antisense, GCATCAGCAGAGGGGGCAGAG.

Construct of Plasmids—To generate a construct expressing
mouse Neu1, cDNA for Neu1 was amplified by RT-PCR and
subcloned into expression vector pCDNA6 (Life Technolo-
gies). To generate a construct expressing mouse Siglec-1,
cDNA for Siglec-1 was amplified by PCR using MGC premier
mouse cDNA clone BC141336 as template (TransOMIC tech-
nologies, AL) and subcloned into expression vector pCDNA6
(Life Technologies). Siglec-1 mutant (R122A) was made by
using the QuikChange II XL site-directed mutagenesis kit (Agi-
lent Technologies, Inc) with the primers (acctacaacttcgccttt-
gagatcagt, actgatctcaaaggcgaagttgtaggt). All constructs were
verified by restriction enzyme digestion and DNA sequencing.

Flow Cytometry—Spleen cells from PBS or LPS treated WT
mice, or culture cells were washed in Flow Cytometry staining
buffer (1� PBS, 2% BSA), and incubated for 1 h on ice with
different directly conjugated-antibodies in flow cytometry
staining buffer. The intensity of cell-bound antibodies was ana-
lyzed on LSRFortess Flow Cytometer or Guava easyCyteTM

System (EMD Millipore, Merck KGaA, Darmstadt, Germany).
Immunoprecipitation and Immunoblotting—RAW 264.7 cell

lysates were prepared in lysis buffer (20 mM Tris-HCl, 150 mM

NaCl, 1% Triton X-100, pH 7.6, including protease inhibitors, 1
�g/ml leupeptin, 1 �g/ml aprotinin, and 1 mM phenylmethyl-
sulfonyl fluoride), sonicated, centrifuged at 13,000 rpm for 5
min and then diluted in IP buffer (20 mM Tris-HCl, 150 mM

NaCl, pH 7.6, including the protease inhibitors as described

above). Samples were pre-cleared with 60 �l of protein A-con-
jugated agarose beads (Upstate, Lake Placid, NY) for 1 h at 4 °C,
and then incubated with corresponding antibodies. Immuno-
precipitates were washed four times with IP buffer and resus-
pended in SDS sample buffer for Western blot analysis.

Measurement of Inflammatory Cytokines—Blood or cell cul-
ture supernatants were obtained at indicated times and cyto-
kines in the serum or cell culture supernatants were determined
using cytokine bead array designed for mouse inflammatory
cytokines (BD Biosciences, cat. no. 552364) or human inflam-
matory cytokine kit (BD Biosciences, cat. no. 551811).

Neuraminidase Activity Assay—Sialidase activity was
measured using 2�-(4-methylumbelliferyl)-�-D-N-acetyl-
neuraminic acid sodium salt hydrate (4-MU-NANA, catalogue
no. sc-222055)(Santa Cruz Biotechnology) as the substrate.
RAW 264.7 cells were harvested and suspended in 100 �l of
lysis buffer (20 mM Tris-HCl, 1% Triton X-100, 150 mM NaCl,
pH 7.6), sonicated and centrifuged at 13,000 rpm for 5 min. For
one reaction, 5 �l of the supernatant was incubated with 4-MU-
NANA (final concentration, 15 �M) for 30 min at 37 °C in 50 �l
of reaction buffer (50 mM sodium phosphate, pH 5.0). The reac-
tion was terminated by adding 600 �l stop buffer (0.25 M gly-
cine-NaOH, pH 10.4) and then fluorescence intensity was mea-
sured with a Synergy HTX Multi-Mode Reader (EMD
Millipore, Merck KGaA, Darmstadt, Germany) (excitation at
360 nm; emission at 460 nm). For determination of the cell
surface sialidase activity, we used the same method as above
except we used the intact cells instead of cell lysates.

Statistical Analysis—All statistical analyses were performed
by the Student’s t test. *, p � 0.05; **, p � 0.01; ***, p �0.001; n.s.,
not significant.

Results

Sialylation of Cell Surface Was Significantly Increased on
LPS-induced Tolerant Cells—It was reported that sialylation
regulates T cell response in the tolerant state (12, 13), however
the function of sialylation in LPS-tolerant macrophages has not
yet been analyzed. For induction of endotoxin tolerance, we
pretreated the macrophage RAW 264.7 cells with 100 ng/ml
LPS for 24 h, washed three times with PBS, and then challenged
with 1 �g/ml LPS for 24 h. TNF-� is stably down-regulated in
all tolerized models and is thus considered to be the most reli-
able marker of endotoxin tolerance (26 –28). Therefore, here
the levels of TNF-� protein are used as readout of endotoxin
tolerance. TNF-� in the culture supernatants was measure
using the CBA Beads kit as previously described (23–25). As
shown in Fig. 1A, the secretion of TNF-� was significantly
decreased in response to LPS challenge in cells pretreated with
LPS compared with the cells pretreated with PBS. This is con-
sistent with previous reports that TNF-� protein significantly
increased after LPS stimulation in macrophage cell line RAW
264.7 cells, and these cells were then unable to response to
second dose of LPS (27, 28). Interestingly, both �2,3- and �2,6-
sialylation on the cell surface were significantly increased on
tolerant RAW 264.7 cells in comparison to the PBS treatment
only, non-tolerant cells (Fig. 1B). In addition to RAW 264.7
cells, we found that �2,3-sialylation on the cell surface was
increased in response to LPS treatment in the mouse dendritic
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cell line D2SC/1 cells (Fig. 1G). Both �2,3-, and �2,6-sialylation
were increased on mouse spleen CD11b� cells (Fig. 2A) but
neither was significantly altered in mouse B220� cells (Fig. 2B)
from LPS-tolerant wild-type mice compared with that from
non-tolerant mice. We also found that both �2,3-, and �2,6-
sialylation were significantly increased in human peripheral
blood CD14� cells (Fig. 3B) and CD11c � (Fig. 3C) cells after
induction of endotoxin. The induction of endotoxin was con-
firmed by measuring TNF-� in the cell culture supernatants
(Fig. 3A). Corresponding with increased sialylation of cell sur-
face, sialidase activity was significantly decreased both in total
cell lysates (Fig. 1C) and on cell surface (Fig. 1D) in tolerant
RAW 264.7 cells compared with non-tolerant cells. Further-
more, RAW 264.7 cells are resistant to LPS-induced tolerance
after sialidase treatment (Fig. 1E). The decrease of cell surface
sialylation after sialidase treatment was confirmed by flow cyto-
metric analysis (Fig. 1F). Taken together, these data suggest that
sialylation of cell surface was significantly increased after
induction of endotoxin tolerance in innate immune cells.

A Critical Role for Neu1 in Endotoxin Tolerance—Because
sialidase activity was significantly decreased in tolerant RAW
264.7 cells (Fig. 1, C and D), we evaluated the contribution of

endogenous sialidases in these cells. Mammals have four siali-
dases, Neu1– 4 (29). Real-time PCR analysis indicated that
RAW 264.7 cells express Neu1 and Neu3, but not Neu2 or Neu4
(Fig. 4A). Therefore, we next investigated whether the actions
of Neu1 or Neu3 contributes to the decrease of the sialidase
activity in tolerant RAW 264.7 cells. Real-time PCR and West-
ern blot analysis indicated that both Neu1 mRNA and Neu1
protein were significantly decreased in tolerant RAW 264.7
cells, whereas levels of Neu3 mRNA and protein did not change
between the tolerant and no-tolerant (PBS treated only) cells
(Fig. 4, B and C). Thus, the decrease in Neu1 protein levels
corresponds to the observed decrease of sialidase activity in
endotoxin tolerant RAW 264.7 cells. To investigate the possible
function of Neu1 in regulating LPS-induced tolerance, we
tested three independent Neu1 shRNA-silenced RAW 264.7
cell lines for their response to endotoxin tolerance. Knockdown
efficiency of Neu1 was confirmed by Western blot analysis (Fig.
4D). Cell surface sialidase activity was significantly decreased
(Fig. 4H) and both �2,3-, and �2,6-sialylation on cell surface
were significantly increased after knockdown of Neu1 (Fig. 4E).
Sialylation was increased higher on Neu1 knockdown cells than
scrambled-controls after induction of tolerance by LPS (Fig.

FIGURE 1. Increase of �2,3-, and �2,6-sialylation on tolerant innate immune cells. RAW 264.7 cells were pretreated for 24 h with PBS or 100 ng/ml LPS,
washed three times with PBS, and challenged for 24 h with PBS or 1 �g/ml LPS. The cells treated with PBS only as non-tolerant cells, the cells pretreated and
challenged with LPS as tolerant cells. A, TNF-� in the cell culture supernatants was analyzed with cytokine bead array. B, flow cytometric analysis of sialylation
on non-tolerant or tolerant RAW 264.7 cells. C and D, significantly decreased sialidase activity on tolerant RAW 264.7 cells. C, sialidase activity in the cell lysates
was detected with 4-MU-NANA after induction of endotoxin tolerance. D, sialidase activity on the cell surface was detected with 4-MU-NANA after induction
of endotoxin tolerance. E, loss of endotoxin tolerance in RAW 264.7 cells after sialidase treatment. RAW 264.7 cells were pretreated for 24 h with PBS or 100
ng/ml LPS, washed three times with PBS, and challenged for 24 h with PBS or 1 �g/ml LPS with or without sialidase. TNF-� in the cell culture supernatants was
analyzed with cytokine bead array. F, loss sialylation on RAW 264.7 cells surface after sialidase treatment. Cells were treated as in D, and then stained with MAA
or SNA. G, increase of �2,3 on tolerant dendritic cell line D2SC/1 cells. D2SC/1 cells were treated in A, and then stained with MAA or SNA. Histograms shown on
top panels are FACS profiles. The bar graphs bottom panels represent geometric means S.D. of fluorescence intensity (n � 3). All experiments were repeated at
least two or three times. Data are shown as mean � S.D.
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FIGURE 2. Increased expression of �2,3 and �2,6 sialylation and Siglec-1 on spleen cells from endotoxin tolerant mice. C56BL/6J wild-type mice 6 – 8
weeks of age were intraperitoneally administrated LPS (4 �g/kg body weight). After 24 h, the mice were challenged with LPS (4 mg/kg body weight) for 4 h, and
then spleen cells were collected and sialylation on the CD11b� (A) and B220� (B) cell surface was analyzed by flow cytometry. Histograms shown on top panels
are FACS profiles. The bar graph bottom panels represent geometric means S.D. of fluorescence intensity (n � 3). Cell surface expression of Siglec-1 on the
B220� and CD11b� cell surface was analyzed by flow cytometry (C). Data are representative of those from two independent experiments involving 3 mice per
group.

FIGURE 3. Increase of �2,3- and �2,6-sialylation on tolerant human peripheral blood cells. Human peripheral blood cells were pretreated for 24 h with PBS
or 1 �g/ml LPS, washed three times with PBS, and challenged for 24 h with PBS or 1 �g/ml LPS.TNF-� in the cell culture supernatants was analyzed with cytokine
bead array (A). Sialylation on the CD14� (B) and CD11c� (C) cell surface was analyzed by flow cytometry. Histograms shown on top panels are FACS profiles. The
bar graph bottom panels represent geometric means S.D. of fluorescence intensity (n � 3). Data presented in this figure have been repeated once.
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4E). We found that the production of TNF-� was further sig-
nificantly decreased in Neu1-depleted Raw 264.7 cells when
challenged with LPS after LPS pretreatment, compared with
the shRNA scrambled control (Fig. 4F), suggesting that Neu1
knockdown resulted in enhanced LPS-induced tolerance both
at the 3 and 18 h time points. In addition to RAW 264.7 cells,
knockdown of Neu1 in D2SC/1 cells (Fig. 4J) also resulted in
deceased TNF-� secretion, indicating an enhanced LPS-in-
duced tolerance (Fig. 4K). Next, we established RAW 264.7 cell
clones stably over-expressing Neu1 (Fig. 4G), cell surface siali-

dase activity on these cells was significantly increased (Fig. 4H),
and found that overexpression of Neu1 overcame endotoxin
tolerance by increasing the TNF-� production, and sialidase
treatment of the clones stably overexpressing Neu1 further
inhibited LPS-induced tolerance (Fig. 4I). In addition, similar
results were observed with different stable clones (data not
shown). Although cell surface sialidase activity was further
decreased after induction of tolerance by LPS, the sialidase
activity on the cells stably overexpressing Neu1 was signifi-
cantly higher than that on the controls or Neu1 knockdown

FIGURE 4. A critical role for Neu1 in endotoxin tolerance. A, expression of Neu1– 4 mRNA in RAW 264.7 cells was determined by RT-PCR. Data shown are
mean � S.D. transcript levels, expressed as % of the housekeeping gene HPRT. B, expression of Neu1 and Neu3 mRNA in non-tolerant and tolerant RAW 264.7
cells was determined by real-time PCR. C, immunoblot analysis of Neu1and Neu3 in non-tolerant and tolerant RAW 264.7 cells. Lysates from non-tolerant and
tolerant RAW 264.7 cells were subjected to Western blot analysis using anti-Neu1, anti-Neu3, and � -actin antibodies. D, immunoblot analysis of Neu1 in RAW
264.7 cell clones stably overexpressing ShRNA for Neu1. Lysates from different neu1 shRNA knockdown cell clones were subjected to Western blot analysis
using anti-Neu1 antibody. E, flow cytometric analysis of sialylation on non-tolerant or tolerant RAW 264.7 cells. Neu1 kd, Neu1 knockdown. F, silencing Neu1 by
lentivirus shRNA enhanced the endotoxin tolerance. RAW 264.7 cells were infected with Neu1 shRNAs. Stable clones were obtained after selecting with
puromycin for 2 weeks. Cells were tolerized for 24 h with 100 ng/ml LPS, washed three times with PBS, and then challenged with 1 �g/ml LPS for the indicated
time. TNF-� in the cell culture supernatants was analyzed with cytokine bead array. G–I, characterization of RAW 264.7 cells clones stably overexpressing Neu1.
G, different cell clones lysates were subjected to Western blot analysis using anti-Neu1 antibody. H, significantly decreased sialidase activity on tolerant RAW
264.7 cells. Sialidase activity on the cell surface was detected with 4-MU-NANA after induction of endotoxin tolerance. Ctrls, controls; Neu1 kd, Neu1 knock-
down; Neu1 o/e, Neu1 overexpression. I, RAW 264.7 cell clones stably overexpressing Neu1 were tolerized for 24 h with 100 ng/ml LPS, washed three times with
PBS, and then challenged for 16 h with 1 �g/ml LPS. TNF-� in the cell culture supernatants was analyzed with cytokine bead array. J, immunoblot analysis of
Neu1 in D2SC/1 cell clones stably overexpressing ShRNA for Neu1. Lysates from neu1 shRNA knockdown cells were subjected to Western blot analysis using
anti-Neu1 antibody. K, TNF-� in the D2SC/1 cell culture supernatants was analyzed with cytokine bead array. L, evaluation of the expression of sialytransferases
in non-tolerant or tolerant RAW 264.7 cells by real-time PCR using specific primer sets. M, immunoblot analysis of ST3Gal6 in non-tolerant and tolerant RAW
264.7 cells. Lysates from non-tolerant and tolerant RAW 264.7 cells were subjected to Western blot analysis using anti-ST3Gal6 and �-actin antibodies. All
experiments were repeated two or three times. Data are shown as mean � S.D.
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cells (Fig. 4H). Collectively, these data suggest that a critical role
for Neu1 in response to LPS-induced tolerance.

The sialylation level of the cells is mainly depended on the
activity of the two enzymes, sialyltransferase and sialidase,
which response for adding or removing sialic acid residues to or
from glycolipids or glycoproteins. In addition to the decreased
expression of the sialidase Neu1, we also found that both
mRNA expression (Fig. 4L) and protein level (Fig. 4M) of the
sialyltransferase ST3Gal6 were specifically increased on toler-
ant RAW 264.7 cells, ST3Gal6 acts to add sialic acid to the
terminal portions of the glycolipids or glycoproteins via �-2,3
linkages (30).

Siglec-1 Expression Significantly Up-regulated during LPS-
induced Tolerance—Since it has been shown that Siglecs are
predominantly bound to sialic acids on cell surface proteins
(31), we investigated the expression of Siglecs in LPS-induced
tolerant RAW 264.7 cells. As shown in Fig. 5A, induction of

endotoxin tolerance in RAW 264.7 cells led to increased
Siglec-1 mRNA expression by 35-fold compared with the con-
trol, non-tolerant cells. For all other Siglecs measured, we
found decreased mRNA expression in tolerant cells when com-
pared with non-tolerant cells (Fig. 5A). Increased expression of
Siglec-1 protein in tolerant RAW 264.7 cells was also confirmed
by Western blot analysis (Fig. 5B) and flow cytometry analysis
(Fig. 5E). In addition, significantly increased expression of
Siglec-1 at both in the transcriptional (Fig. 5C) and translational
levels (Fig. 5F) was also found in LPS-induced tolerant D2SC/1
cells and in LPS-induced tolerant human peripheral blood cells
(Fig. 5D). We also found that pretreatment with LPS followed
by LPS challenge resulted in increased Siglec1 on surface of
mouse spleen CD11b� cells (Fig. 2C). In contrast, the same
treatment of LPS did not result in increased Siglec-1 protein on
the surface of mouse spleen B220� cells (Fig. 2C). Next, we
investigated the expression of Siglec-1 during LPS-induced tol-

FIGURE 5. LPS-induced tolerance up-regulates Siglec-1 expression. Endotoxin tolerance was induced by pretreating RAW 264.7 cells or D2SC/1 cells for 24 h
with 100 ng/ml LPS, washed three times with PBS, and then challenged for 16 h with 1 �g/ml LPS. A, evaluation of Siglec expression in non-tolerant or tolerant
RAW 264.7 cells by real-time PCR using Siglec-primer sets. B, immunoblot analysis of siglec-1 on tolerant RAW 264.7 cells. Evaluation of Siglec-1 expression in
non-tolerant or tolerant D2SC/1 cells (C) or human peripheral blood cells (D) by real-time PCR. Flow cytometric analysis cell surface expression of Siglec-1 on
RAW 264.7 cells (E), or D2SC/1 cells (F) after induction of endotoxin tolerance. G, induction of endotoxin tolerance leads to increased and maintained expression
of Siglec-1. Expression of Siglec-1 mRNA in non-tolerant and tolerant RAW 264.7 cells was determined by Real-time PCR. H, induction of endotoxin tolerance
does not affect the expression of CD14. Expression of CD14 mRNA in non-tolerant and tolerant RAW 264.7 cells was determined by Real-time PCR. All
experiments were repeated three times. Data are shown as mean � S.D.
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erance in RAW 264.7 cells. As shown in Fig. 5G, Siglec-1 was
increased during first LPS stimulation and maintained high lev-
els during LPS tolerance; in contrast, CD14 expression was
mainly unchanged (Fig. 5H). Collectively, these results indicate
that induction of endotoxin tolerance in vitro and in vivo leads
to increased and sustained expression of Siglec-1.

A Critical Role for Siglec-1 in Endotoxin Tolerance—To
determine whether Siglec-1 regulates the development of
endotoxin tolerance, we tested three independent Siglec-1
shRNA-silenced RAW 264.7 cell lines for their response to
endotoxin tolerance. As shown in Fig. 6, A and B, the three
shRNAs silenced Siglec-1 in RAW 264.7 cells with different
efficiencies: Siglec-1 was only partially suppressed by Sh1
(89.21% � 5.35) and Sh2 (89.91% � 4.49), while almost com-
pletely silenced by Sh3 (97.71% � 2.93). These cell lines were
treated with LPS as shown in Fig. 1 to induce endotoxin toler-
ance, and TNF-� in the culture supernatants was analyzed with
CBA Beads kit. Corresponding with the silencing efficiencies,
the production of TNF-� was more significantly increased by Sh3
than by Sh1 and Sh2, when compared with the scrambled control
(Fig. 6C). Further, we found that Siglec-1 shRNA-silenced RAW
264.7 cell lines overcame endotoxin tolerance in a LPS dose-de-
pendent manner by increasing the TNF-� production (Fig. 6D).
Moreover, we established RAW 264.7 cell clones stably over-ex-
pressing Siglec-1 (Fig. 6F), and found that overexpression of

Siglec-1 inhibited endotoxin tolerance (Fig. 6G); in contrast, over-
expression of siglec-1 mutant (R122A, the amino acid arginine
locates in the V-set domain and is critical for the sialic acid binding
(32)) did not show inhibition activity (Fig. 6G).

It was reported that the expression of TGF-�1 significantly
increased in endotoxin-tolerized human peritoneal macro-
phages (33), mouse macrophages (34), mouse dendritic cells
(35), and human blood from sepsis patients (36). TGF-�1 is also
a major immunosuppressive cytokine and plays a vital role in
the development of endotoxin tolerance (34, 37). Thus, we next
investigated whether Siglec-1 is involved in the regulation of
TGF-�1 production during the development of endotoxin tol-
erance. Very interestingly, we found TGF-�1 secretion from
tolerant RAW 264.7 cell clones stably over-expressing shRNA for
Siglec-1 was significantly decreased in response to LPS challenge
(Fig. 6E). TGF-�1 secretion from tolerant RAW 264.7 cell clones
stably over-expressing Siglec-1 was significantly increased, but not
from tolerant RAW 264.7 cell clones stably overexpressing mutant
Siglec-1(R122A) (Fig. 6H). Taken together, the data presented in
this section demonstrate Siglec-1 regulates endotoxin tolerance by
inhibiting production of TNF-� and inducing production of
TGF-�1 in RAW 264.7 cells.

Down-regulation of Siglec-1 Promotes Degradation of Syk by
Increasing Its Ubiquitination—We next sought to determine
the molecular mechanism by which Siglec-1 inhibits the devel-

FIGURE 6. Siglec-1 promotes endotoxin tolerance by enhancing TGF-�1 secretion. RAW 264.7 cells were transduced with lentiviral vector carrying
scrambled shRNA or Siglec-1 shRNA. After transduction and selection with puromycin, stable clones expressing the shRNA were isolated and expanded under
the selection of 2 �g/ml puromycin. A, real-time PCR analysis of Siglec-1 mRNA level. B, cell surface expression of Siglec-1 on RAW 264.7 was analyzed by flow
cytometry. C–E, characterization of RAW 264.7 cells clones stably overexpressing shRNA for Siglec-1. 2 � 105 RAW 264.7 cells were tolerized for 24 h with 100
ng/ml LPS, washed three times with PBS, and then challenged with 1 �g/ml LPS for 6 h (C) or with indicated concentration of LPS for 18 h (D). The culture
supernatants were subsequently collected and analyzed for TNF-� (C, D) production as described in Ref. 23–25 and TGF-�1 (E) production by ELISA. F–H,
overexpression of Siglec-1 promotes TGF-�1 secretion. F, flow cytometric analysis of Siglec-1 in RAW 264.7 cell clones stably overexpressing Siglec-1. RAW
264.7 cell clones stably overexpressing Siglec-1 were tolerized for 24 h with 100 ng/ml LPS, washed three times with PBS, and then challenged for 16 h with 1
�g/ml LPS. TNF-� in the cell culture supernatants was analyzed with cytokine bead array (G). TGF-�1 in the cell culture supernatants was assessed by ELISA (H).
Data presented in this figure have been reproduced at least two times. Data are shown as mean � S.D.
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opment of endotoxin tolerance. Syk, a 72-kDa non-receptor
tyrosine kinase, is most highly expressed by hematopoietic cells
and plays a crucial role in signal transduction via its two SRC
homology 2 (SH2) domains (38, 39). Recently it was shown that
Syk plays an important role in TGF-�1 production both in
monocytes/macrophages (40) and epithelial cells (41). It was
shown that the expression of Syk is negatively regulated by the
E3 ubiquitin ligase Casitas B-lineage lymphoma (CBl), leading
to ubiquitylation and degradation of SYK (42– 44). We found
that knockdown of Siglec-1 in RAW 264.7 cells resulted in
decreased Syk protein level compared with that in scrambled-
controls (Fig. 7A), and resulted in a much lower level of endog-
enous Syk protein level after induction of endotoxin tolerance
(Fig. 7C). Although phosphorylation of JNK, p38, and ERK was
found to be decreased in Siglec-1 knockdown cells as well as in
the scrambled controls in the time-course study, the very sim-
ilar pattern of phosphorylation of these proteins in both exper-
imental groups indicates that knockdown Siglec-1 did not
affect the Map kinase pathway during the induction of toler-
ance by LPS (Fig. 7C). In addition, we found that inhibiting
proteasome activity by MG132 increased the level of Syk in
Siglec-1 knockdown RAW 264.7 cells (Fig. 7B). To test whether
Siglec-1 regulates Syk protein level through regulation of its
ubiquitination, lysates from tolerant or non-tolerant Raw 264.7
cells stably expression of shRNA for Siglec-1 or scramble were
subjected to immunoprecipitation with anti-Syk antibodies.
Immunoprecipitates were resolved by 10% SDS/PAGE, trans-
ferred to nitrocellulose, and immunoblotted with anti-ubiquiti-
nation antibody. As shown in Fig. 7D, ubiquitinated-Syk
strongly accumulated in Siglec-1 knockdown RAW 264.7 cells

after induction of endotoxin tolerance, suggesting that knock-
down of Siglec-1 resulted in enhanced ubiquitination of Syk.
Next we examined whether Siglec-1 influences Syk protein sta-
bility by introducing an expression vector for Siglec-1 into
RAW 264.7 cells. Overexpression of Siglec-1 in RAW 264.7
cells increased Syk protein level (Fig. 7E), indicating that
Siglec-1 enhanced the steady-state levels of endogenous Syk.

The adaptor protein DAP12 is expressed in macrophages
and can interact with Syk via the ITAM domain to modify Toll-
like receptor signaling to enhance the release of cytotoxic cyto-
kines from macrophages (45, 46). Recently, it was reported that
Siglec-1 is associated with DAP12 in VSV-infected macro-
phages to control the antiviral innate immune response (47).
We next examined whether Siglec-1, DAP12, and Syk form a
complex to regulate the production of TGF-�1 in RAW 264.7
cells after induction of endotoxin tolerance. Lysates from toler-
ant or non-tolerant Raw 264.7 cells were subjected to immuno-
precipitation with anti-Siglec-1 antibody. Immunoprecipitates
were resolved by 10% SDS/PAGE, transferred to nitrocellulose,
and immunoblotted with anti-DAP12 and Syk antibodies. As
shown in Fig. 7F, Siglec-1, DAP12, and Syk form a complex after
induction of endotoxin tolerance in tolerant RAW 264.7 cells,
but not in the non-tolerant cells. Moreover, knockdown of Syk
(Fig. 7G) in RAW 264.7 cells with SiRNA inhibited the produc-
tion of TGF-1 in Raw 264.7 cells (Fig. 7H). Taken together,
these results are consistent with the possibility that Siglec-1 has
a significant role in modulating Syk levels through altering its
state of ubiquitination to regulate the production of TGF-�1 in
RAW 264.7 cells.

FIGURE 7. Knockdown of siglec-1 reduces Syk protein levels and enhances ubiquitination of Syk in RAW 264.7 cells. A, immunoblot analysis was
performed to measure Syk protein in RAW 264.7 cell clones stably overexpressing ShRNA for Siglec-1. B, Siglec-1 knockdown RAW 264.7 cells or scrambled
controls were treated with 5 �M MG132 for 24 h. Cell lysates were made and immunoblotted with anti-Syk, anti-Siglec-1, and anti-�-actin antibodies. C,
immunoblot analysis of the indicated molecules in lysates of RAW 264.7 cell clones stably overexpressing ShRNA for Siglec-1 stimulated with LPS or pretreated
and challenged with LPS for the indicated time. D, silencing of Siglec-1 in RAW 264.7 cells enhances ubiquitination of Sky. RAW 264.7 cell clones stably
overexpressing ShRNA for Siglec-1 were tolerized for 24 h with 100 ng/ml LPS, washed three times with PBS, and then challenged for 24 h with 1 �g/ml LPS. Cell
lysates were made and immunoprecipitation was performed with anti-Syk antibodies and immunoblotted for ubiquitin. E, immunoblot analysis was per-
formed to measure Syk protein in RAW 264.7 cell clones stably overexpressing Siglec-1. F, Siglec-1, DAP12 and Syk form a complex after induction of endotoxin
tolerance. RAW 264.7 cells were tolerized for 24 h with 100 ng/ml LPS, washed three times with PBS, and then challenged for 24 h with 1 �g/ml LPS. Cell lysates
were made and immunoprecipitation was performed with anti-Siglec-1 antibodies and immunoblotted for DAP12 and Syk. G and H, introduction of siRNA for
Syk to Raw 264.7 cells significantly reduced the protein level of Syk and this led to suppression of TGF-�1 production. The siRNA was transfected into cells with
FuGENE 6. After 24 h, the cells were pretreated for 24 h with PBS or 100 ng/ml LPS, washed three times with PBS, and challenged for 24 h with PBS or 1 �g/ml
LPS. Immunoblot analysis was performed to measure Syk protein expression (G). TGF-�1 in the cell culture supernatants was assessed by ELISA (H). Data
presented in this figure have been reproduced two times.
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Endotoxin Tolerance Induced TGF-�1 Expression Is Attenu-
ated by Suppression of Syk—We next examined whether Syk is
involved in the signal transduction pathway downstream of the
Siglec-1-DAP12 complex by using the specific Syk inhibitor,
piceatannol. Endotoxin tolerance was induced in RAW 264.7
cells by pretreatment with 100 ng/ml LPS for 24 h and then
challenged with 1 �g/ml LPS for 24 h with the either 75 �M

piceatannol, 10 �M SP600125 (JNK inhibitor), 10 �M SB203580
(P38 inhibitor), or 10 �M ERK inhibitor. As shown in Fig. 8A,
Sigelc-1 expression was significantly decreased after treated
with the Syk inhibitor piceatannol but not other inhibitors. The
protein level of Siglec-1 was also significantly reduced by treat-
ment with Syk inhibitor piceatannol but not by ERK inhibitor
(Fig. 8B). The inhibitory efficiency of the Syk inhibitor picea-
tannol and ERK inhibitors was confirmed by Western blot anal-
ysis (Fig. 8B). TNF-� production was significantly increased
after treated with the Syk inhibitor piceatannol but not other
inhibitors (Fig. 8C). TGF-�1 secretion was significantly
decreased by treating with the Syk inhibitor piceatannol but not
other inhibitors (Fig. 8D), indicating that the specific inhibition
of Syk can significantly block the production of TGF-�1.

Discussion

Sepsis is still a leading cause of death in the intensive care
unit. While sepsis syndrome is generally defined as a condition
of uncontrolled inflammation in response to infection, how-
ever, the contribution of endotoxin tolerance is becoming
increasingly recognized (48 –50). While the treatments tar-

geted for inflammatory cytokines and other inflammatory
mediators such as nitric oxide have limited effect on phase III
clinical trials (51, 52), treatments focused on reversing the
immunosuppressive phase of sepsis hold great promise for effi-
cacious sepsis therapy.

Sialic acids residues are broadly expressed and could act as a
marker of self in the immune system (6). Sialylation level was
mainly controlled by the two opposite process by adding or
removing terminal sialic acid residues from the glycolipids or
glycoproteins via sialyltransferases and sialidases. Desialylation
played a crucial role in the recognition process (6) and acted as
an “eat me” signal in the up-taking of apoptotic cells (11), while
increase of sialylation contributed to the tolerant phenotype in
CD4� T cells (12) and regulatory T cells (13). Here, we found
sialylation of cell surface was significantly increased on LPS-
induced tolerant cells, and our data shows that this is attribut-
able to the action of Neu1 down-regulation during the develop-
ment of endotoxin tolerance. Knockdown of Neu1 was able to
enhance tolerance and overexpression of Neu1 or treatment
with sialidase abrogated tolerance. Furthermore, in addition to
the decrease expression of the Neu1, we also found the expres-
sion of sialyltransferase ST3 Gal6 was specifically increased on
tolerant RAW 264.7 cells, the action of which adds sialic acid to
the terminal portions of the glycolipids or glycoproteins via
�-2,3 linkages (30).

Siglecs are sialic acid-binding immunoglobin-like lectins.
Most Siglecs inhibit immune responses via the recruitment of

FIGURE 8. Endotoxin tolerance induced TGF-�1 expression is attenuated by suppression of Syk. RAW 264.7 cells were induced tolerance by pretreated
with 100 ng/ml LPS for 24 h and then challenged with 1 �g/ml LPS for 24 h with the indicated inhibitors or DMSO as control. Sigelc-1 expression in these cells
was determined by real-time PCR (A) and Western blot analysis (B), TNF-� in the cell culture supernatants was analyzed with cytokine bead array (C), and TGF-�1
in the cell culture supernatants was assessed by ELISA (D). Data presented in this figure have been repeated two times.
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tyrosine phosphatases such as SHP1 and SHP2 by their cyto-
plasmic immunoreceptor tyrosine-based inhibitory motifs
(ITIM) domain. Siglecs which lack an ITIM domain (such as
Siglec-14, 15, and 16) associate with DAP12 via a positively
charged amino acid in their transmembrane region to activate
receptors through the recruitment of Syk (15, 40). Siglec-1, the
first discovered member of Siglecs, has been shown to play an
important role in sialylated pathogen uptake (17, 19, 53–55),
antigen presentation (56, 57), lymphocyte proliferation (58),
self-tolerance (59, 60) and antiviral immune response (47).
However, the biological function of Siglec-1 in endotoxin tol-
erance is unknown. Here we found that Siglec-1 was specifically
up-regulated in endotoxin tolerant cells and suppresses the
innate immune response by promoting TGF-�1 production. In
addition, overexpression of Siglec-1 inhibited endotoxin toler-
ance by promoting the secretion of TGF-�1; in contrast, over-
expression of siglec-1 mutant (R122A) did not show inhibition
activity, suggesting that the role of Siglec-1 in promoting the
secretion of TGF-�1 requires the interaction between Siglec-1
and its endogenous ligand. Fig. 9 shows the working model for
the regulation of sialylation and TGF-�1 production during
LPS-induced tolerance.

Ubiquitination is one of the most versatile post-translational
modifications of proteins and plays critical roles in the regula-
tion of innate immune response (61). Modification of Syk by the
E3 ubiquitin ligase Casitas B-lineage lymphoma (CBl), leading
to ubiquitylation and degradation of Syk (42– 44). Interestingly,
here we found that ubiquitinated-Syk strongly accumulated in
Siglec-1 knockdown RAW 264.7 cells after induction of endo-
toxin tolerance, indicating the Siglec-1 regulates Syk protein
levels through altering its state of ubiquitination in RAW 264.7
cells, although the E3 ubiquitin ligases contribute to Syk degra-
dation still needs to be fully elucidated. TGF-�1, one of the

major immunosuppressive cytokines, plays a critical role in the
development of endotoxin tolerance (34, 37). Recently, it was
shown that Syk regulates TGF-�1 production both in mono-
cyte/macrophages (40) and epithelial cells (41). Since Siglec-1
lacks an ITIM domain, we found that Siglec-1 forms a complex
with DAP12 and Syk in endotoxin-tolerant RAW 264.7 cells,
suggesting that the interaction among Siglec-1, DAP12 and Syk
could control the development of endotoxin tolerance by reg-
ulating the production of TGF-�1 in RAW 264.7 cells. How-
ever, how the complex regulates the production of TGF-�1 in
endotoxin tolerance needs to be investigated in the future.

In summary, our data show that Siglec-1 is a critical regulator
for the development of endotoxin tolerance by regulating
innate immune response. Blockade of the Siglec-1 pathway or
decrease Siglec-1 expression may reverse the immunosuppres-
sion in vivo. A better understanding of this pathway might shed
new light on the pathogenesis of this disease and suggest possi-
ble therapeutic strategies for patients with sepsis.
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