1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
J Immunol. Author manuscript; available in PMC 2017 October 15.

-, HHS Public Access
«

Published in final edited form as:
J Immunol. 2016 October 15; 197(8): 3336-3347. doi:10.4049/jimmunol.1600772.

Siglec-E negatively regulates the activation of Toll-like Receptor
4 by controlling its endocytosis

Yin Wu, Dongren Ren, and Guo-Yun Chen”
Children's Foundation Research Institute, Department of Pediatrics, University of Tennessee
Health Science Center, Memphis, TN 38103

Abstract

TLR4 signaling is critical for providing effective immune protection but must be tightly controlled
to avoid inflammation-induced pathology. Previously, we reported extensive and direct interactions
between Toll-like receptor and Siglec families of Pattern Recognition Receptors. Here, we
examined the biological significance of this interaction during infection. We show that Siglec-E is
required for E. coli-induced endocytosis of TLRA4. Siglec-E-deficient dendritic cells infected with
E. colifail to internalize TLR4, leading to sustained TLR4 on cell surface and activation of NF-xB
and MAP kinase p38, thus resulting in high levels of TNF-a and IL-6, compared with wild-type
dendritic cells. In contrast to the signaling events occurring at the plasma membrane, as a result of
the inability of internalization of TLR4, Siglec-E-deficient dendritic cells were also defective for
TRIF-mediated IFN-B production in response to £. coli infection. Furthermore, we found that
accumulation of ubiquitinated-TLR4 and binding of E3 ubiquitin ligase Triad3A to TLR4 was
significantly increased in bone marrow-derived dendritic cells from wild-type mice but not from
Siglec-E-deficient mice after £. coliinfection. This represents a newly discovered mechanism that
regulates the signaling of TLR4 during £. coli infection.

Introduction

Sepsis is one of the leading causes of death in intensive care units. Of the more than 1
million Americans who are diagnosed with severe sepsis every year, between 28 and 50
percent die from this disease (1, 2). The majority of cases of septic shock are caused by
Gram-negative bacteria, and £. coliremains one of the most common pathogens leading to
sepsis (3-5). Because of the critical role of cytokine storms in the development of septic
shock (6, 7), inflammatory cytokines and other inflammatory mediators such as nitric oxide
have been targeted for therapeutic development. However, phase 11 clinical trials of nitric
oxide synthase inhibition (8) and immunotherapies targeting individual cytokines (9) have
limited effect on sepsis progression, and the identification of additional druggable targets are
urgently needed to effectively treat this disease.

Sialylation is the most frequent modification of proteins and lipids, and describes the
addition of sialic acids (a family of nine-carbon acidic monosaccharides) to terminal
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residues of glycoproteins and glycolipids. Sialylation plays an important role in self-nonself
discrimination and bacterial intake (10, 11). Increases of sialylation contribute to the tolerant
phenotype in CD4* T cells (12), dendritic cells, macrophages (13) and regulatory T cells
(14); while desialylation acts as an “eat me” signal and promotes the clearance of apoptotic
cells (15). The sialylation level of a cell is largely dependent on the activity of two enzymes;
sialyltransferases, which are responsible for adding sialic acid residues to glycolipids or
glycoproteins; and sialidases, which are responsible for removing sialic acid residues from
glycolipids or glycoproteins.

Siglecs are membrane-bound lectins that constitute the sialic acid-binding immunoglobulin-
like super family, each with distinct cellular distribution and glycan specificities (16).
Siglecs predominantly bind to sialic acids on cell surface proteins (17), and play an
important role in the internalization of sialic acid-expressing pathogens (18-20), in
controlling allergic asthma (21, 22), and in self-tolerance (23). Previously, we found that
interaction between CD24 and SiglecG/10 is a key regulator of polybacterial sepsis, and this
interaction requires sialylation of CD24 (24, 25). We recently reported extensive and direct
interactions between Siglecs and Toll-like receptors (TLRs), and demonstrated that dendritic
cells from Siglec-E-deficient mice exhibit increased responses to all TLR ligands tested
(26), however, the biological significance of the novel pathway in sepsis development is still
unknown.

The endocytosis of immunity-related receptors has emerged as a critical control step in the
signal transduction process. While it has been reported that the endocytosis of plasma
membrane-localized TLRs downregulates their signaling functions after a microbial
encounter (27, 28), little is known about the regulators that control TLR endocytosis after
microbial detection. Recent studies suggested that endocytic activity is a general property of
the Siglec family proteins (20, 29-32), with Siglecs identified as key players in both the
binding and uptake of sialylated pathogens (20, 33—-36) and in the endocytosis of anti-CD22
antibody (37), however, it is unknown whether Siglecs play a role in mediating endocytosis
of membrane receptors during infection.

In the present study, we found that cell surface desialylation of innate immune cells inhibits
the endocytosis of TLR4 on these cells during £. coli infection. Furthermore, we report here
that Siglec-E is required for endocytosis of TLR4, and this Siglec-E mediated endocytosis is
partially due to the action of protein kinases Src, GSK and ERK. Our findings describe a
newly discovered mechanism that regulates the signaling of TLR4 during £. coli infection.

Material and Methods

Reagents

Anti-mouse TLR4 (MTS510), TLR2, CD64 and Gr-1 antibodies were purchased from
Biolegend (San Diego, CA). Anti-Siglec-E was obtained from R&D system (Minneapolis,
MN). Anti-mouse CD11c, CD11b and B220 were purchased from BD Biosciences (San
Jose, CA). Anti-TRIAD3A (catalog no. PA5-20079) was obtained from ThermoFisher
Scientific (Waltham, MA). Anti-Flag was purchased from Sigma (St Louis, MO). Anti-P-Src
(catalog no. 2109), Anti-AKT (catalog no.4060), Anti-P-S6 (catalog no. 2708), Anti-PKC a
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(catalog no. 2056) and Phospho-PKCa/p Il (Thr638/641) Antibodies (catalog no. 9375)
were obtained from Cell Signaling (Danvers, MA). P65 (catalog no. sc-109), P-P65 (catalog
no. sc-33020), JNK (catalog no. sc-7345), P-JNK (catalog no. sc-6254), ERK (catalog no.
sc-94), P-ERK (catalog no. sc-7383), p-actin (catalog no. sc-1615), p38 (catalog no. sc-535),
p-p38 (catalog no. sc-17852), Sp-1 (catalog no. sc-59), IRF3 (catalog no. sc-9082),
antibodies, and horseradish perioxidase conjugated anti-mouse, anti-goat or anti-rabbit
secondary-step reagents were purchased from Santa Cruz Biotechnology (Dallas, TX). Syk
inhibitor piceatannol, Src inhibitor PP1, PD98059 (MEK inhibitor), SP600125 (JNK
inhibitor), SB203580 (P38 inhibitor), Wortmannin (PI3K inhibitor), GO6976 (PKC
inhibitor), GSK inhibitor (SB216763), ERK inhibitor were purchased from Santa Cruz
Biotechnology. Biotinylated Maackia Amurensis Lectin I (MAL 1) (catalog no. B-1265)
and Biotinylated Sambucus Nigra Lectin (SNA, EBL) (catalog no. B-1305) were purchased
from Vector Laboratories (Burlingame, CA). NEURAMINIDASE (SIALIDASE) from
Vibrio cholerae (catalog no. 11080725001) was purchased from Sigma.

Cell culture and lentiviral infection

D2SC/1 dendritic cells were obtained from Dr. Peter G. Stock and Sang-Mo Kang
(University of California, San Francisco, CA) with the permission from Dr. Paola Ricciardi-
Castagnoli (University of Perugia, Italy), and maintained in Dulbeco’s minimal essential
medium supplemented with 10% heat-inactivated fetal calf serum and 1% penicillin and
streptomycin. The lentiviral vectors expressing either Neul, Siglec-e or Siglec-g ShRNASs
were from ThermoFisher Scientific. Puromycin was purchased from Sigma. Stable clones
were obtained after selection with puromycin (2.5 pg/ml) for 2 weeks after infection.

Experimental animal models

All mice used were at 6-8 weeks of age, and wild-type (WT) littermates were used as
controls for Siglec-E knockout mice. All animal procedures were approved by the Animal
Care and Use Committee of University of Tennessee Health Science Center. WT C57BL/6J
mice were purchased from Jackson Laboratory. CD14 knockout mice were obtained from
Jackson Laboratory. Siglec-E knockout mice were from Mutant Mouse Regional Resource
Center at UC Davis. The mice were backcrossed to C57BL/6J background.

Construction of plasmids

To generate a construct expressing mouse Neul, cDNA for Neul was amplified by RT-PCR
and subcloned into expression vector pcDNAG (Life technologies). All constructs were
verified by restriction enzyme digestion and DNA sequencing. Construct MR206325
expressing mouse ST6Gall was obtained from Origene (Rockville, MD).

Bacterial culture

E.coli 25922 was obtained from ATCC (25922). Strains were grown overnight in the Luria-
Bertani (LB) broth. In the logarithmic phase of the growth, the suspension was centrifuged
at 1000xg for 15 min, the supernatant was discarded, and the bacteria were resuspended and
diluted into sterile 1xPBS. E. coli GFP was obtained from ATCC (25922GFP) and
propagated according to the method provided by the manufacturer.
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Preparation of Dendritic Cells from murine bone marrow

Bone marrow cells were isolated from femurs and incubated in RPMI complete medium
supplemented with 10% fetal calf serum (Gibco-BRL) and 10 ng/ml recombinant mouse
GM-CSF (Peprotech) and 1 ng/ml IL-4 (Peprotech) for 12 days.

Flow cytometry

Spleen cells from WT or Siglec-E knockout mice treated with PBS, £.co/li 25922 or E.coli
25922GFP, or cultured cells were washed with Flow cytometry staining buffer (1xPBS, 2%
BSA), and then incubated for 1 hour on ice with different directly conjugated-antibodies.
The fluorescence intensity of cells was analyzed on LSRFortess Flow cytometer or Guava
easyCyte™ System (EMD Millipore, Merck KGaA, Darmstadt, Germany).

Real-Time Quantitative PCR

Total RNA was extracted with TRIzol (Invitrogen) according to the manufacturer’s protocol
and reverse transcribed with random primers and Superscript 111 (Life Technologies). The
mMRNA expression of TNF-a, IL-6, IFN-B, IFN-y, Viperin and MCP-1 was measured by
real-time polymerase chain reaction. Samples were run in triplicate, and the relative
expression was determined by normalizing expression of each target to the endogenous
reference, hypoxanthine phosphoribosyltransferase (Hprt) transcripts. Real-time PCR
primers used were as follows: TNF-a sense, CTGTAGCCCACGTCGTAGC; TNF-a
antisense, TTGAGATCCATGCCGTTG,; IL-6 sense, CTCTGGGAAATCGTGGAAAT; IL-6
antisense, CCAGTTTGGTAGCATCCATC; IFN-B sense, TTCCTGCTGTGCTTCTCCAC;
IFN-p antisense, AAGGTACCTTTGCACCCTCC; IFN-y sense,
CAATAGACGCTACACACTGC; IFN-y antisense, CCACATCTATGCCACTTGAG;
Viperin sense, CTTCAACGTGGACGAAGACA, Viperin antisense,
GACGCTCCAAGAATGTTTCA,; MCP-1 sense, TGATCCCAATGAGTAGGCTGGAG,
MCP-1 antisense, ATGTCTGGACCCATTCCTTCTTG,; Hprt sense,
AGCCTAAGATGAGCGCAAGT; Hprt antisense, TTACTAGGCAGATGGCCACA.

Immunoprecipitation and immunoblotting

D2SC/1 cell lysates were prepared in lysis buffer (20 mM Tris-HCI, 150 mM NaCl, 1 %
Triton X-100, pH 7.6, with protease inhibitors 1 ug/ml leupeptin, 1 pg/ml aprotinin and 1
mM phenylmethylsulfonyl fluoride). Samples were sonicated, centrifuged at 13,000 rpm for
5 min and diluted in immunoprecipitation (IP) buffer (20 mM Tris-HCI, 150 mM NacCl, pH
7.6, supplemented with the protease inhibitors as described above) and pre-cleared with 60
ul of protein A-conjugated agarose beads (Upstate, Lake Placid, NY) for 1 h at 4°C, before
incubation with corresponding antibodies. Immunoprecipitates were washed four times with
IP buffer and re-suspended in SDS sample buffer for Western blot analysis.

Measurement of inflammatory cytokines

Blood or cell culture supernatants were obtained at indicated times, and cytokines in the
serum or cell culture supernatants were determined using mouse cytokine bead array
designed for inflammatory cytokines (BD Biosciences, 552364).
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IFN measurement

IFN-B in the cell culture supernatants or serum was determined by using the LEGEND
MAX Mouse IFN-B Pre-coated ELISA kit according to manufacturer’s instructions
(Biolegend, San Diego, CA).

Statistical analysis

Results

The differences in cytokine concentrations were analyzed by two-tail #tests in single
pairwise comparisons, calculated with Excel (Microsoft). One-way ANOVA was used for
three or more unpaired groups (GraphPad Software). Data shown are mean £ SEM. The
differences in survival rates were analyzed by Kaplan-Meier plot and statistical significance
determined using a log -rank test (GraphPad Software). *P<0.05, **P<0.01, ***P<0.001,
n.s., not significant.

The role of sialylation in E. coli-induced TLR4 endocytosis

We recently reported broad and direct interactions between TLR and Siglec families of
Pattern Recognition Receptors (PRRs), and that endogenous Siglec-E negatively regulates
production of inflammatory cytokines in response to TLR ligands (26). However, the
biological significance of this interaction in sepsis development has not yet been established.
Since the interaction between TLR and Siglec depends on the sialylation of the TLR4 (26),
we first tested whether sialylation on the cell surface contributes to the regulation of £. colr-
induced TLR4 endocytosis. Splenic cells from WT C57BL/6J mice were treated with
sialidase and incubated with £. coli 25922 at 37°C for one hourand then measured cell
surface TLR4 on these splenic cells by a highly sensitive flow cytometry assay. The loss of
cell surface expression was used as a readout for TLR4 endocytosis, as previously reported
(38, 39). As shown in the Figure 1A, CD11c* splenic cells are resistant to £. coli-induced
TLR4 endocytosis after sialidase treatment. Flow cytometric intracellular staining showed
increasing intracellular TLR4 following £. coliinfection in cells pretreated with PBS but not
in cells pretreated with sialidase (Fig. 1B), indicating sialylation on cell surface plays an
important role in the regulation of TLR4 endocytosis in response to £. coliinfection. The
decrease of cell surface sialylation after sialidase treatment was confirmed by flow
cytometric analysis (Fig. 1C). Splenic cells treated with sialidase secreted significantly
higher levels of TNF-a than the PBS treated controls (Fig. 1D), indicating that sialidase
treatment of splenic cells increased their response to £. coliinfection. In addition to mouse
splenic cells, we found that dendritic cell line D2SC/1 cells are also resistant to £. colF
induced endocytosis after sialidase treatment (Fig. 1E). Flow cytometric intracellular
staining showed increased intracellular TLR4 following £. coli infection in D2SC/1 cells
pretreated with PBS, but not in cells pretreated with sialidase (Fig. 1F). The decrease of cell
surface sialylation after sialidase treatment was confirmed by flow cytometric analysis (Fig.
1G). As shown in Figure 1H, the secretion of TNF-a was significantly increased in response
to £. colitreatment in cells pretreated with sialidase compared with the cells pretreated with
PBS. Taken together, these data suggest that sialylation of cell surface plays an important
role in the regulation of TLR4 endocytosis during £. coli infection.
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The role of Neul in E. coli-induced TLR4 endocytosis

Sialyltransferases and sialidases are enzymes which are largely responsible for adding or
removing sialic acid residues, respectively, on glycolipids and glycoproteins. Mammals have
four sialidases, Neul-4 (40). We have demonstrated that Neul plays a critical role in
regulating Siglec-TLR interaction and endotoxemia (26). In order to determine whether
Neul contributes to the regulation of £. co/Finduced TLR4 endocytosis, we established
D2SC/1 cell clones stably over-expressing ShRNA for Neul as described in our recently
published work (13, 26), treated these cells with £. coliat 37°C for one hour and examined
for TLR4 surface levels. As shown in Figure 2A, increased expression of sialylation was
observed on the cells over-expressing ShRNA for Neul, compared with the cells expressing
scrambled shRNA, however, silencing of Neul in D2SC/1 cells has little effect on £. col-
induced TLR4 endocytosis (Fig. 2E). In contrast, we made D2SC/1 cell clones stably over-
expressing Neul and treated these cells with £. coli at 37°C for one hour. We found that
expression of sialylation was significantly decreased on the cells over-expressing Neul
compared with empty vector control cells (Fig. 2B) and in our recently published data (13).
The efficiency of the £. coliinduced TLR4 endocytosis was significantly decreased on the
cells over-expressing Neul compared with cells expressing empty vector, indicating that
Neul plays an important role in £. coli-induced TLR4 endocytosis in D2SC/1 cells (Fig.
2E). Similar results were observed with different stable clones (data not shown).

Glycosyltransferases such as a.2-6 sialyltransferase (ST6Gall) may also modify LacNAc
ligands. Therefore, we established D2SC/1 cell clones over-expressing ST6Gall (Fig. 2D).
Although increased expression of sialylation was observed on the cells over-expressing
ST6Gall compared with empty vector control cells (Fig. 2C), over-expression of ST6Gall in
D2SC/1 cells has little effect on £. coli-induced TLR4 endocytosis (Fig. 2E). Similar results
were observed with different stable clones (data not shown).

Siglec-E is required for E. coli-induced TLR4 endocytosis

Siglecs have been shown to be the predominant lectin that binds to sialic acids on cell
surface proteins (17), and we have previously found that mouse Siglec-E and F (but not
other siglecs) bind strongly to TLR4 (26). Since Siglec-F is mainly expressed on eosinophils
(41) and Siglec-E is mainly expressed on dendritic cells, macrophages, and neutrophils (42),
here we tested whether Siglec-E is required for £. co/i-induced TLR4 endocytosis in
dendritic cells /n vitro. We made Siglec-E knockdown cell lines using shRNA specific for
Siglec-E. ShRNA silencing of Siglec-E decreases cell surface Siglec-E levels (Fig. 3A), but
does not affect the cell surface expression of TLR4 (Fig. 3B). We compared cell surface
TLR4 levels in scrambled or Siglec-E shRNA-transduced D2SC/1 cells after treatment with
E. coli at 37°C for one hour. As shown in Figure. 3C, silencing Siglec-E with lentivirus
shRNA reduced E. coli-induced TLR4 endocytosis. This coincided with decreased cell
surface Siglec-E levels (Fig. 3D) and increased Siglec-E in the cytosol (Fig. 3E). To test if
our observed requirement for Siglec-E in £. coli-induced TLR4 endocytosis is specific to
Siglec-E, we also tested the impact of silencing Siglec-G, which displayed no interaction
with any murine TLRs. In contrast to Siglec-E, sShRNA silencing of Siglec-G (Fig. 3F) had
little effect on E. coliFinduced TLR4 endocytosis (Fig. 3G). Similar results were observed
with different stable clones (data not shown). Next we tested the requirement for Siglec-E in
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E. coli-induced TLR4 endocytosis using bone marrow-derived dendritic cells from WT or
Siglec-E-deficient mice. Knockout of Siglec-E does not affect the cell surface expression of
TLR4 in dendritic cells (Fig. 4A). E. coli infection induced endocytosis of TLR4 in WT
dendritic cells, but not in cells from Siglec-E-deficient mice (Fig. 4B), and flow cytometric
intracellular staining showed increased intracellular TLR4 following E. coli infection in WT
dendritic cells but not in Siglec-E-deficient dendritic cells (Fig. 4C). As shown in Figure 4D,
Siglec-E-deficient dendritic cells produced significantly higher level of TNF-a and IL-6
than WT dendritic cells after infection with £. coli 25922. To rule out the possibility that
Siglec-E-deficient dendritic cells produced significantly higher level of cytokines was due to
the higher load of bacteria in these cells compared with dendritic cells from WT mice, we
infected dendritic cells with £. coli 25922GFP for one hour and then determined the GFP
florescent intensity in these cells by flow cytometry. Bacterial burden in dendritic cells was
unaffected in the absence of Siglec-E (Fig. 4E).

To assess the dynamics of Siglec-E contributions to TLR4 internalization, we performed
time course analysis for the endocytosis of TLR4. We cultured dendritic cells from WT
mice, Siglec-E-deficient mice and CD14-deficient mice. Cell surface TLR4 decreased after a
30- or 60-min infection with £. coli on dendritic cells from WT mice, but TLR4 cell surface
expression was not reduced on dendritic cells from Siglec-E-deficient mice or CD14-
deficient mice (Fig. 4F). Quantification of Mean Fluorescence Intensity shows 50% of the
initial TLR4 cell surface expression after 30-min of £. coli infection with a further decrease
to 35 %-expression after 60 min, on the dendritic cells from WT mice. Less dramatic
decreases in cell surface TLR4 were observed with £. coli infection on dendritic cells from
Siglec-E-deficient mice or CD14-deficient mice (Fig. 4F). Accordingly, the mRNA
expression of TNF-a and IL-6 was significantly increased in Siglec-E-deficient dendritic
cells compared with the dendritic cells from WT mice or CD14-deficient mice after
infection with £. coli. TLR4 activates two distinct signaling pathways: the MyD88-
dependent and TRIF-dependent pathway. The MyD88-dependent pathway is activated from
the plasma membrane after TLR4 encounters LPS. The TRIF-dependent pathway is
triggered when TLR4 is delivered to endosomes and mediates the activation of the
transcription factor Interferon Regulatory Factor-3 (IRF-3) through dimerization, which
regulates Type I interferon (IFN) expression (38, 43). Therefore, we next examined whether
LPS-induced expression of Type | interferon and its target genes is altered in the absence of
Siglec-E. We found that the mRNA expression of IFN-B and its regulated genes Viperin (38)
and MCP-1 (44) were significantly decreased in Siglec-E-deficient dendritic cells infected
with £. coli, compared with infected dendritic cells from WT mice (Fig. 4G). However, no
change in mMRNA expression of the Type Il interferon, IFN-y was observed in E. coli
infected Siglec-E-deficient dendritic cells when compared with WT infected controls (Fig.
4G). It was reported that CD14 controls LPS-induced endocytosis of TLR4 (38), dendritic
cells from CD14-deficient mice were used as additional controls. As expected, results from
CD14-deficient cells showed decreased IFN-f production with £. coli infection (Fig. 4G),
consistent with published report (38). Similar results were seen in protein studies. Dendritic
cells cultured from Siglec-E-deficient mice and CD14-deficient mice showed significantly
decreased secretion of IFN- in response to £. colf treatment, compared with dendritic cells
from WT mice (Fig 4H). Accordingly, £. coliinduced dimerization of IRF3 was not
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detected in Siglec-E-deficient dendritic cells (Fig 41). Collectively, these data suggest that
Siglec-E-deficient dendritic cells were defective for TRIF-mediated IFN-B production.

To determine whether our /n vitro results are relevant to conditions /7 vivo, WT and Siglec-
E-deficient mice were treated with PBS or £. coli 25922. Since Siglec-E is mainly expressed
on dendritic cells, macrophages, and neutrophils (42), we next tested which cell types
internalize TLR4 in response to £. coliinfection. We harvested DCs (CD11c*),
macrophages (CD11b*), and B cells (B220*) from the spleen one hour after intravenous
(i.v.) injection of £, coli 25922 (1x10% CFU), and examined TLR4 on the cell surface by
flow cytometry. As shown in Figure 5A and B, splenic macrophages and dendritic cells
internalized TLR4 in response to £. coli infection, and this process was dependent on
Siglec-E, CD14 knockout mice were used as controls. The endocytosis of TLR4 was a
specific response, as levels of an endocytic receptor (FcyR1, CD64) was largely unaffected
by E. coliinfection (Fig. 5F). In contrast, splenic B cells were not capable of internalizing
TLR4 in response to £. coliinfection (Fig. 5C). Siglec-E-deficient mice produced
significantly higher level of TNF-a than WT mice after intravenous injection of E. coli
25922 (1x10° CFU) for one hour (Fig. 5D). The production of IFN-B was significantly
decreased in response to £. colitreatment in Siglec-E-deficient mice and CD14-deficient
mice, when compared with WT mice (Fig 5E).

Since neutrophils play an important role in the response to bacterial infection and Siglec-E
was also expressed on neutrophils, we next tested whether Siglec-E regulates TLR4
internalization in neutrophils. Following infection, cell surface of TLR4 levels were
significantly decreased on neutrophils from WT mice, but not from Siglec-E-deficient mice,
indicating the Siglec-E plays an important role in the £. co/i-induced TLR4 endocytosis in
neutrophils (Fig. 5G).

Collectively, these data establish that Siglec-E plays a critical role in regulation of £. colF
induced TLR4 endocytosis both /n vitro and in vivo. TLR4 endocytosis is Siglec-E-
dependent, as it was largely unaffected by knockdown of Siglec-G, and is cell type-specific,
as it occurs in macrophages, dendritic cells and neutrophils, but not B cells.

In addition to TLR4, TLR2 was shown to bind to Siglec-E (26). To determine whether
Siglec-E also regulates the endocytosis of TLR2 during infection, we examined cell surface
expression of TLR2 on dendritic cells, macrophages and neutrophils from WT mice and
Siglec-E-deficient mice after infection with £. coli 25922 for one hour. The expression of
TLR2 on Siglec-E-deficient cell surface was not changed after infection with £. coli (Fig.
5H). However, we found that £. coliinfection induced endocytosis of TLR2 in WT dendritic
cells but not in WT macrophage and neutrophils (Fig. 5H). These data suggest that Siglec-E
may also play a role in regulation of TLR2 endocytosis in dendritic cells during infection
with E. coli. The differential role of Siglec-E in TLR2 internalization may be due to the
differential sialylation of the TLR2 in these cells, an intriguing possibility for future
investigation.
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Role of protein kinases in controlling Siglec-E-dependent TLR4 endocytosis

To investigate whether a protein kinase may modulate £. co/Finduced TLR4 endocytosis, we
cultured dendritic cells from Siglec-E-deficient mice and WT littermates, and then treated
these cells with £. coliin the presence or absence of protein kinase inhibitors. As shown in
Figure 6A, inhibition of protein kinase activity of Syk, Src, GSK and ERK efficiently
attenuated the £. co/i-induced TLR4 endocytosis in WT dendritic cells, but inhibition of the
protein kinase activity of MEK, ERK, JNK, p38, or PI3K had little effect. \ery interestingly,
inhibition of the protein kinase activity of PKC promoted endocytosis of TLR4 in Siglec-E-
deficient dendritic cells (Fig. 6A). Other inhibitors had little effect on the Siglec-E-deficient
cells (Fig. 6A), with the exception of the Syk inhibitor, which efficiently attenuated £. colF
induced TLR4 endocytosis (Fig. 6A). In summary, our results indicate that protein kinases
Src, GSK and ERK partially contribute to Siglec-E-dependent TLR4 endocytosis. The
inhibition activity of Syk inhibitor in £. co/i-induced TLR4 endocytosis is Siglec-E-
independent. PKC inhibitor promoted £. co/i-induced TLR4 endocytosis in Siglec-E-
deficient dendritic cells but not in WT cells, suggesting that Siglec E is a negative regulator
of PKC activation during £. coliinfection.

To test whether the protein kinase inhibitors can affect the production of cytokines, we
cultured dendritic cells from Siglec-E-deficient mice and WT littermates, and treated these
cells with £. coli 25922 in the presence of either the PKC inhibitor GO6976 (a specific
inhibitor of conventional PKCs, which specifically inhibits PKCa, pl and p) or the Syk
inhibitor piceatannol. As shown in Figure 6B, treatment with £. coli resulted in significantly
greater production of TNF-a and IL-6 by Siglece ~/~ dendritic cells than by WT dendritic
cells. The observed increase in TNF-a and IL-6 in £. colitreated Siglece ~/~ dendritic cells
was abolished in the presence of PKC inhibitor GO6976 (Fig. 6B). In contrast, Siglece =/~
dendritic cells treated with £. coliin the presence of Syk inhibitor piceatannol still produced
significantly greater levels of TNF-a and IL-6 when compared with WT dendritic cells (Fig.
6B).

To examine whether PKC inhibitor GO6976 can regulate £. coli-induced TLR4 endocytosis
in vivo, WT littermates and Siglec-E-deficient mice were treated with PBS or E. coli 25922
in the presence of PKC inhibitor GO6976. We harvested dendritic cells (CD11c*) from the
spleen one hour after intravenous (i.v.) injection of £. coli 25922 (1x108 CFU) and
examined TLR4 surface levels by flow cytometry. As shown in Figure 6C, splenic dendritic
cells from Siglec-E-deficient mice are resistant to £. co/i-induced TLR4 endocytosis, and
this resistance was partially rescued by PKC inhibitor GO6976, consistent with the data in
Figure 6A. In contrast, splenic dendritic cells from WT mice internalized TLR4 in response
to £. coliinfection, and this process was not affected by PKC inhibitor GO6976.

The intensity of TLR4-induced phosphorylation of PKC was markedly increased in £. coli
infected Sigelc-E knockdown D2SC/1 cells (Fig. 7A), bone marrow cultured dendritic cells
(Fig. 7B) and splenic CD11c* cells from Siglec-E-deficient mice (Fig. 7C) but not in £. coli
infected control cells. The intensity of TLR4-induced phosphorylation of p65 was markedly
increased in £. coliinfected Sigelc-E knockdown D2SC/1 cells (Fig. 7A). Moreover, E. coli
caused greater increases in nuclear translocation of p65 in Siglec-E-deficient dendritic cells
than in WT dendritic cells (Fig. 7B). The intensity of TLR4-induced phosphorylation of p38
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was markedly increased in £. coliinfected bone marrow cultured dendritic cells from Siglec-
E-deficient mice (Fig. 7B). In contrast, the intensity of TLR4-induced phosphorylation of
Erk (Fig. 7A), INK (Fig. 7A), Src (Fig. 7C), AKT (Fig. 7C), and S6 (Fig. 7 C), is unaffected
by loss of Sigelc-E. These data suggest that failure to internalize TLR4 leads to sustained
TLR4 surface signaling through activation of NF-xB and MAP kinase p38 in Siglec-E-
deficient dendritic cells.

Siglec-E contributes to E. coli-induced TLR4 ubiquitination

Endocytosis of plasma membrane-localized TLRs downregulates their signaling functions
after a microbial encounter (27, 28). We have here demonstrated that Siglec-E controls E£.
coli-induced TLR4 endocytosis. We next hypothesized that TLR4 may be degraded after
endocytosis, and the consequence of the degradation is the termination of signaling during
infection. To investigate whether £. colitreatment induces TLR4 ubiquitination in dendritic
cells, we incubated bone marrow derived-dendritic cells from WT or Siglec-E-deficient mice
with £. coliat 37°C for one hour. Lysates from these cells were used in immunoprecipitation
experiments with anti-TLR4 antibody. The precipitates were probed with anti-ubiquitin
antibody and TLR4 antibody. We found that TLR4 ubiquitination was enhanced by E. coli
treatment in WT dendritic cells, but not in Siglec-E-deficient dendritic cells (Fig. 7D), and
the results of co-1P experiment suggests that TLR4 ubiquitination may involve the function
of E3 ubiquitin ligase Triad3A (Fig. 7D), which was reported to promote ubiquitin-
dependent degradation of TLR4 during infection (45, 46). These data suggest that TLR4 is
ubiquitinated as a response to £. colitreatment and Siglec-E contributes to £. co/i-induced
TLR4 ubiquitination in dendritic cells.

Siglec-E is required for the resistance of E. coli-induced sepsis

We investigated the relevance of our /7 vitro findings with a mouse model of acute septic
shock. Siglec-E-deficient mice and WT littermates were challenged with 5x10° £, coli
25922. The overwhelming majority of the mice with targeted mutation of Siglec-E died
within 60 hours, whereas 70% of WT littermates survived the entire period of observation
(Fig. 8A). Consistent with the increased mortality of the Siglec-E-deficient mice, the levels
of serum TNF-a and I1L-6 were substantially higher than the WT littermates controls (Fig.
8B and C). In addition to increased secretion of TNF-a and IL-6, we found that Siglec-E-
deficient mice displayed impaired TRIF-mediated IFN-B production (Fig. 8B and C). To rule
out the possibility that Siglec-E-deficient mice produced significantly higher level of
cytokines was due to the higher load of bacteria compared with WT littermates, we infected
WT littermates and Siglec-E-deficient mice with £. coli 25922GFP for one hour and then
determined the GFP intensity in splenic macrophage, dendritic cells and neutrophils by flow
cytometry. Bacterial burden in splenic macrophage, dendritic cells and neutrophils was
unaffected in the absence of Siglec-E (Fig. 8D).

Discussion

Sialic acids residues are broadly expressed and potentially act as a marker of self in the
immune system (10). Increase in sialylation contributes to the tolerant phenotype in CD4* T
cells (12) and dendritic cells and macrophages (13), while desialylation plays a crucial role
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in the recognition process (10) and acts as an “eat me” signal in the clearance of apoptotic
cells (15). Here, we found desialylation of cell surface inhibits endocytosis of TLR4 during
E. coliinfection, and our data showed that this is attributable to the action of Neul during £.
coliinfection. Expression of Neul significantly decreased E. cofiinduced-TLR4
endocytosis, while knockdown of Neul has little effect on £. co/<induced TLR4
endocytosis.

Siglecs are sialic acid-binding immunoglobin-like lectins. Most Siglecs inhibit immune
responses via the recruitment of tyrosine phosphatases such as SHP1 and SHP2 by their
cytoplasmic immunoreceptor tyrosine-based inhibitory motifs (ITIM) domain (47). Siglec-E
has been shown to play an important role in many immune processes, including binding to
the sialylated Tehuantepec strain (48), in negatively regulating of neutrophil recruitment into
the lung (49, 50), and in controlling the antiviral response (51). However, it is still unclear
whether Siglecs play a role in mediating endocytosis of membrane receptors during
infection. We recently reported broad and direct interactions between TLRs and Siglecs,
with increased responses from dendritic cells of Siglec-E-deficient mice to all TLR ligands
tested (26). Here we further examined the biological significance of this pathway during
infection with E. coli 25922. \We found that Siglec-E is required for £. coll-induced TLR4
endocytosis both /n vitro and /n vivo. Silencing Siglec-E with lentivirus sShRNA in dendritic
cell line D2SC/1 cells reduced E. coli-induced TLR4 endocytosis, and the TLR4 endocytosis
is Siglec-E dependent as it was largely unaffected by knockdown of Siglec-G. The data were
further confirmed by using the dendritic cells derived from Siglec-E-deficient mice. We
found that the response is cell type-specific, as it occurs in macrophage, neutrophils and
dendritic cells, but not B cells. This finding is consistent with the expression pattern of
Siglec-E, which is mainly expressed on the macrophage, neutrophils and dendritic cells, but
not on B cells (42).

PKC isoforms are important regulators of TLR-mediated innate immune response against
pathogens. Recently, PKC was reported to inhibit or promote the process of endocytosis in
different kinds of cell types (52-55). Here, we found that £. co/i-induced endocytosis of
TLR4 in Siglec-E-deficient dendritic cells was promoted by inhibition of the protein kinase
activity of PKC, but not by other protein kinase inhibitors tested, suggesting that Siglec E is
a negative regulator of PKC activation during £. coli infection, and PKC is not required for
Siglec-E-dependent TLR4 endocytosis. Furthermore, we found that PKC regulates cytokines
production after infection with £. coli 25922. Treatment with £. colf resulted in significantly
greater production of TNF-a and IL-6 by Siglece =/~ dendritic cells than by WT dendritic
cells. This £, coliinduced increase in TNF-a and IL-6 observed in Siglece ™/~ cells was
completely abolished when in the presence of the PKC inhibitor GO6976, but not Syk
inhibitor piceatannol. Syk and PKC likely have additional effects on TLR signaling, as we
found no clear correlation between the effect of Piceatannol or GO6976 on TLR4
endocytosis and cytokine. This is an intriguing area for future investigations.

Ubiquitination is one of the most versatile post-translational modifications of proteins, and
plays critical roles in the regulation of innate immune response (56). Recent studies showed
that the E3 ubiquitin ligase Triad3A promotes ubiquitin-dependent degradation of TLR4
during infection (45, 46). Interestingly, here we found that ubiquitinated-TLR4 strongly
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accumulated in bone marrow derived dendritic cells from WT mice after £. coli 25922
infection, but not in bone marrow derived dendritic cells from Siglec-E-deficient mice.
Moreover, the binding of E3 ubiquitin ligase Triad3A to TLR4 was significantly increased in
bone marrow derived dendritic cells from WT mice after infection, but not in bone marrow
derived dendritic cells from Siglec-E-deficient mice, indicating the Siglec-E regulates TLR4
protein levels through altering its state of ubiquitination in dendritic cells.

Siglec-E-deficient dendritic cells showed higher activity of both the MAP kinases p38 and
p65 and produced high levels of TNF-a and IL-6 in response to £. coli infection, suggesting
that failure to internalize TLR4 leads to sustained TLR4 surface signaling through activation
of NF-xB and MAP kinase p38. In contrast to the signaling events occurring at the plasma
membrane, Siglec-E-deficient dendritic cells produced significantly lower levels of IFN- in
response to £. coliinfection, indicating that Siglec-E-deficient dendritic cells were also
defective for TRIF-mediated IFN-B production. Moreover, the observed higher susceptibility
of Siglec-E deficient mice to infection may be due to the increased pro-inflammatory
cytokines TNF-a and IL-6 and decreased IFN-B production.

Collectively, these data provides evidence that Siglec-E plays a role in controlling TLR4
endocytosis, and upon entry into the cell, Siglec-E directs TLR4 towards both endosomal
signaling and degradation pathways. However, the detailed mechanisms of how Siglec-E
controls the two TLR4 signaling pathway are as yet unclear and further investigation is
needed to delineate the mechanisms involved.
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cytometry. (B) Intracellular staining for TLR4 in dendritic cells (gated with CD11c*). (C)
Sialidase treatment reduced both a.2-3— and a.2-6-sialylation of D2SC/1 dendritic cells.

Cells were treated as in A, and then stained with MAA or SNA. MAA, fluorescein-Maackia
amurensis lectin I, recognizing a.2-3-linked terminal sialic acid; SNA, fluorescein-

Sambucus nigra (elderberry) bark lectin, recognizing a2-6-linked terminal sialic acid. (D)
TNF-a in the cell culture supernatants was analyzed with cytokine bead array. Spleen cells

from WT C57BL/6J mouse were first treated with sialidase or PBS at 37°C for one hour and
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then treated with PBS or £. coli 25922 (MOI = 10) at 37°C for five hours. D2SC/1 dendritic
cells first were treated with sialidase at 37°C for one hour and then were treated with PBS or
E. coli 25922 (MOI = 10) at 37°C for one hour. (E) Cell surface levels of TLR4 were
determined by flow cytometry. (F) Intracellular staining for TLRA4. (G) Sialidase treatment
reduced both a2-3- and a.2-6-sialylation of D2SC/1 dendritic cells. Cells were stained with
MAA or SNA under the same conditions. (H) TNF-a in the cell culture supernatants was
analyzed with cytokine bead array. D2SC/1 cells were first treated with sialidase or PBS at
37°C for one hour and then treated with PBS or £. coli 25922 (MOI = 10) at 37°C for five
hours. Representative FACS profiles were shown. The bar graphs under the FACS profiles
present the average mean fluorescence intensity (MFI) value £ SEM from one representative
experiment (n=3, cells from three different mice in A, B, C and three independent samples in
E, F, G), the color on individual bar in the bar graph corresponds to the color of the line in
FACS profiles. Experiments depicted in this figure have been reproduced three times.
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FIGURE 2. A critical rolefor host Neulin E. coli-induced TL R4 endocytosis
(A) Cell surface of SNA was determined by flow cytometry. D2SC/1 dendritic cells were

transduced with lentiviral vector carrying scrambled shRNA or Neul shRNA. After
transduction and selection with puromycin, stable clones expressing the ShRNA were
isolated and expanded under the selection of 2 pug/ml puromycin. Neul kd, Neul-
knockdown cell line. (B) Cell surface of SNA was determined by flow cytometry. D2SC/1
dendritic cells were transfected with vector carrying Neul or empty vector as control. Neul
o/e, stable cell clones over-expressing Neul. (C) Cell surface of SNA was determined by
flow cytometry. D2SC/1 dendritic cells were transfected with vector carrying ST6Gall or
empty vector as control. ST6Gall o/e, stable cell clones over-expressing ST6Gall. (D)
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Immunobot analysis of ST6Gall in D2SC/1 cell clones stably over-expressing vector for
Flag-ST6Gall. Lysates from stable cell clones were subjected to Western blot analysis using
anti-Flag antibody. (E) Effect of Meu1 and S7T6Gall on E. coli-induced TLR4 endocytosis.
Indicated D2SC/1 dendritic cell clones were treated with PBS or £. coli 25922 (MOI = 10)
at 37°C for the indicated time. Flow cytometry was then used to examine TLR4 endocytosis
by determining the surface levels of TLR4. Representative FACS profiles were shown in
(A), (B) and (C). The bar graphs under the representative FACS profiles present the average
MFI value + SEM from one representative experiment with three independent samples, the
color on individual bar in the bar graph corresponds to the color of the line in FACS profiles.
Experiments depicted in this figure have been reproduced two times.
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FIGURE 3. Effects of Siglec-E knockdown on E. coli-induced TLR4 endocytosis
(A) ShRNA silencing of Siglec-E affects cell surface Siglec-E levels. D2SC/1 dentritic cells

were transduced with a lentiviral vector carrying scrambled shRNA or Siglec-E shRNA.
After transduction and selection with puromycin, stable clones expressing the shRNA were
isolated and expanded under the selection of 2 ug/ml puromycin. Data shown are histogram
of flow cytometry results depicting cell surface expression of Sigelc-E in D2SC/1 clones.
(B) Silencing Siglec-E by lentivirus shRNA does not affect the cell surface expression of
TLR4. Data shown are histograms of flow cytometry depicting cell surface expression of
TLR4 in D2SC/1 clones. (C) Silencing Siglec-E by lentivirus shRNA reduces the £. col-
induced TLR4 endocytosis. D2SC/1 dendritic cells were treated with PBS or E. coli
25922(MOI = 10) at 37°C for one hour. Flow cytometry was then used to examine TLR4
endocytosis by determining the surface levels of TLR4 using anti-TLR4 antibody. (D)
Expression of Siglec-E on D2SC/1 cell surfaces was determined by flow cytometry. Cells
were treated as in c. (E) Translocation of Siglec-E in D2SC/1 cells. Cells were plated on
chamber slides, treated with PBS or £. co/i25922(MOI = 10) at 37°C for one hour and then
stained with anti-Siglec-E or DAPI. (F and G), Siglec-G is not required for £. coli-induced
TLR4 endocytosis. (F) ShRNA silencing of Siglec-G affects cell surface Siglec-G levels.
D2SC/1 dendritic cells were transduced with lentiviral vector carrying scrambled shRNA or
Siglec-G shRNA. After transduction and selection with puromycin, stable clones expressing
the shRNA were isolated and expanded under the selection of 2 ug/ml puromycin. Data
shown are histograms of flow cytometry results depicting cell surface expression of Sigelc-G
in D2SC/1 clones. (G) Silencing Siglec-G by lentivirus shRNA does not affect £. coli-
induced TLR4 endocytosis. D2SC/1 dendritic cells were treated with PBS or E. coli
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25922(MOI = 10) at 37°C for one hour. Flow cytometry was then used to examine TLR4
endocytosis by determining the cell surface levels of TLR4. Representative FACS profiles
were shown. The bar graphs under the representative FACS profiles present the average MFI
value £ SEM from one representative experiment with three independent samples, the color
on individual bar in the bar graph corresponds to the color of the line in FACS profiles.
Experiments depicted in this figure have been reproduced 2-3 times.

J Immunol. Author manuscript; available in PMC 2017 October 15.



1duosnue Joyiny

o 2000 * 2000 ns.
] I I = 1000] I < 1000 120 y MFI
0 o I I

Wau et al. Page 22
A o B,\o o Fo cD14 -
= O b=} f-R=1 =1 J J
8~ TLR4 g1 cus £ | ctis 5 =1 Ctls Ctis /) Cls
X3 ; £81 =81 A E g ' 1 M 1 /v N 0 min
& Siglece ** e PBS o PBS =@ AN I\ AWA! — 15 min
2 21 Siglece - 531 Ecoli | 58 1 E.coli » 24 AN E [\ \ !
3 © 8o Lo 2ol |V \ \ J\ 30 min
£ of € o €o 4 £/ N \ 1 7\ 60 min
Ev ER 2% ES / \ 7. G
£ o] =o =0 1 cEod// \ 1/ /7 \
8 o 8 o 8 o E N ,/ \ \\ ’/// \
=] o o \ & i
34 |
1 10 102 103 104 10° 102 103 10 105 10 102 10% 10 1° 10 102 10% 10 1 10 102 10° 10* 10°
s > TLR4 > TLR4

Cell numbers (%max) o

0 20 40 60 80 100

1duosnuely Joyiny

Cell numbers (%max)

Ry X
@ e o®
%'\g\e e‘,\Q\ 6\9\6 g\g\

1duosnuepy Joyiny

1duosnue Joyiny

60

<
0 5100 —WT
- Siglece 7 o 80 :
§2 Ctrl 8 60 * —&— Siglece -
£ D £
X9 » 40 waw —&—CD14
\ —=pPBS | »° — PBS 8 * 3 . 5 20 ok
| =—E.coli g 3 — E.coli 7 =® 0
‘ £° . }
RS £; 52 0 15 30 60
E 5] 34 > G E. coli treatment (min)
- - © Ly bt ©
3 7
10" 102 10% 10* 16° 1d 102 10 104 100 £ =1 40 —A—WT
» TLR4 =2 *kk
= 100 ns. 1 TNF-0 s siglece
£ 5 0= el 2 —e—CD14 -
& @ e s
0 ¥ o9 g% o9 x
g 0 15 30 60
25922GFP infection H *x ’§ *kk -
€1 Cils — Sigiece o g o 1Le ,[ Viperin
A — Siglece * = 250 o
81 [\ E 200 g ¢ 1
oq | 2 3
@ = 150 —_— 14
4 ﬁ;" [ =4 O
S Z 100 5 O 15 30 60 o 15
3 - o
& 50 E 30 *kk
0 S IFN-B
o ¢ ¢
10 102 10% 10* 10° &g Z 20
—— oFP & & * 10 4
n.s. I
0 15 30 60 0 15
E. coli treatment (min) E. coli treatment (min)

X

(IRF3), —
IRF3 —> |

25922GFP

FIGURE 4. Siglec-E isrequired for E. coli-induced TL R4 endocytosisin vitro
(A) Expression of TLR4 on bone marrow derived-dendritic cell surfaces was determined by

flow cytometry. Dendritic cells cultured from WT or Siglece '~ bone marrow. (B) Bone
marrow derived-dendritic cells treated with PBS or £. co/i25922 (MOI = 10) at 37°C for
one hour. Flow cytometry was then used to examine TLR4 endocytosis by determining the
cell surface levels of TLR4. (C) Intracellular TLR4 under the same conditions. (D)
Cytokines in the cell culture supernatants were analyzed with cytokine bead array. Bone
marrow derived-dendritic cells were treated with PBS or £. co/i 25922 (MOI = 10) at 37°C
for five hours. (E) Bone marrow derived-dendritic cells treated with £. coli25922GFP (MOI
=10) at 37°C for one hour. Flow cytometry was then used to examine GFP fluorescent
intensity for detecting the bacterial load in cells. (F) WT or Siglec-E-deficient or CD14-
deficient mice dendritic cells were untreated or treated with £. coli (MOI = 10) for the times
indicated. Flow cytometry was then used to examine TLR4 endocytosis by determining the
cell surface levels of TLR4. Upper panels show representative profiles, and lower panels
show time course as a percentage of initial mean fluorescence intensity. (G) Evaluation of
the expression of genes in WT or Siglec-E-deficient or CD14- deficient mice dendritic cells
untreated or treated with £. coli (MOI = 10) for the times indicated by real-time PCR using
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specific primer sets. (H) IFN-B in the cell culture supernatants were analyzed by ELISA.
Bone marrow derived-dendritic cells were treated with PBS or £. coli 25922 (MOI = 10) at
37°C for three hours. (I) Bone marrow derived-dendritic cells were treated with PBS or £.
coli 25922 (MOI = 10) at 37°C for one hour and the presence of active (dimerized) IRF3 in
the cell extracts was determine by native PAGE. Representative FACS profiles were shown.
The bar graphs under the representative FACS profiles present the average MFI value +
SEM from one representative experiment (n = 3, cells from three different mice), the color
on individual bar in the bar graph corresponds to the color of the line in FACS profiles.
Experiments depicted in this figure have been reproduced 2 or 3 times.
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Splenic cells were collected from WT, Siglece ~/~ or CD14 ~~ mice treated with PBS or £,
coli 25922 (1x108 CFU/mouse, i.v. injection) for one hour. Flow cytometry was then used to
examine TLR4 endocytosis by determining the cell surface levels of TLR4 on dendritic cells
(CD11c*) (A), macrophages (CD11b*) (B), or B cells (B220%) (C). (D) Cytokines and (E)
IFN-p in the mouse serum were analyzed with cytokine bead array and Elisa, respectively.
Serum were isolated from WT or Siglece ~~ mice treated with PBS or £, co/i 25922 (1x10°
CFU/mouse, i.v. injection) for one hour. (F-H) Splenic cells were collected from WT or
Siglece =/~ mice treated with PBS or £. coli 25922 (1x10% CFU/mouse, i.v. injection) for
one hour. Flow cytometry was then used to examine CD64 endocytosis by determining the
cell surface levels of CD64 on macrophages (CD11b*) (F); Flow cytometry was then used to
examine TLR4 endocytosis by determining the cell surface levels of TLR4 on neutrophils
(CD11b*Gr1*) (G); or Flow cytometry was then used to examine TLR2 endocytosis by
determining the cell surface levels of TLR2 on macrophages (CD11b™), on dendritic cells
(CD11c™) or neutrophils (CD11b*Gr1*) (H). Representative FACS profiles were shown. The
bar graphs under the representative FACS profiles present the average MFI value = SEM
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from one representative experiment (n = 3, cells from three different mice), the color on
individual bar in the bar graph corresponds to the color of the line in FACS profiles.
Experiments depicted in this figure have been reproduced 3 times.
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FIGURE 6. PKC inhibitor promoted E. coli-induced TL R4 endocytosisin Siglec-E-deficient mice
and inhibited E. coli-induced pro-inflammatory production

(A) Dendritic cells cultured from three different WT littermates or Siglece ~~ mice were
treated with £. coli 25922 at 37°C for one hour in the presence of indicated protein kinase
inhibitors. Flow cytometric analysis was used to determine the cell surface TLR4.
Experiments depicted in this figure have been reproduced three times. (B) Cytokines in the
cell culture supernatant were analyzed with cytokine bead array. Bone marrow-derived
dendritic cells from three different mice were treated with £. coli 25922 in the presence or
absence of Syk inhibitor Piceatannol (75 uM) or PKC inhibitor G66976 (2.5 uM) at 37°C for
5 hours, and the amount of secreted cytokines were determined. Experiments depicted in this
figure have been reproduced two times. (C) Five different WT littermates or Siglece ~/~ mice
were pretreated with PKC inhibitor G66976 (i.p. injection) for 10 min and then treated with
E. coli 25922 (1x108 CFU/mouse, i.v. injection) for one hour. Representative FACS profiles
were shown. The bar graphs under the representative FACS profiles present the average MFI
value + SEM from one representative experiment, the color on individual bar in the bar
graph corresponds to the color of the line in FACS profiles. Experiments depicted in this
figure have been reproduced two times.
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FIGURE 7. Failuretointernalize TL R4 leadsto activation of NF-xB and M AP kinase p38 and
decreased ubiquitination of TLR4 in Siglec-E-deficient dendritic cells

(A) Immunoblot analysis of the indicated molecules in lysates of D2SC/1 cell clones stably
over-expressing ShRNA for Siglec-E infected with £. coli 25922 for one hour. (B)
Immunoblot analysis of the indicated molecules in lysates from bone marrow derived-
dendritic cells from WT littermates or Siglec-E-deficient mice E infected with £. coli 25922
for the indicated time. For detecting the activity of NF-xB, the nuclear lysates were prepared
and the activation of NF-xB was assessed by blotting for the p65 subunit of NF-xB. The
loading of nuclear protein was determined by amount of Sp1 protein. (C) Mouse splenic
cells were collected after infection with £. coli 25922 for one hour, and the expression of p-
Src (PBS treated Siglece */* mice 136.7 + 9.1 versus £. colitreated Siglece */* mice 114.7
+4.2, P <0.05, n=3; PBS treated Siglece = mice 125.7 + 11.6 versus £. colitreated
Siglece '~ mice 108.3 + 2.1, P <0.05, n=3), p-PKC (PBS treated Siglece */* mice 105.7

+ 5.5 versus £. colitreated Siglece */* mice 110.3 + 10.5, P >0.05, n=3; PBS treated
Siglece ™'~ mice 109.3 + 4.1 versus £. colitreated Siglece ~~ mice 141.5 + 3.6, P <0.05,
n=3), p-AKT (PBS treated Siglece ** mice 67.4 + 14.8 versus E. colitreated Siglece */*
mice 70.7 + 9.5, P >0.05, n=3; PBS treated Siglece ~/~ mice 75.3 + 4.1 versus £. colitreated
Siglece ™'~ mice 77.3 + 6.6, P >0.05, n=3), and p-S6 (PBS treated Siglece */* mice 194.3
+16.9 versus £. colitreated Siglece */* mice 206.7 + 15.3, P >0.05, n=3; PBS treated
Siglece '~ mice 217.3 + 12.1 versus £. colitreated Siglece '~ mice 204.3 + 7.1, P >0.05,
n=3), on dendritic cells (gated with CD11c*) was determined by intracellular staining with
corresponding antibodies. Data are mean + SEM. Experiments depicted in this figure have
been produced two times. (D) Dendritic cells cultured from WT littermates or Siglece ~/~
mice were treated with PBS or £. co/i 25922 (MOI = 10) at 37°C for one hour. TLR4 was
immunoprecipitated with a TLR4 antibody and blotted for ubiquitin (FK2 antibody, EMD
MILLIPORE), Trad3A and TLR4 antibody. Data representative of outcomes from two

independent experiments.
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FIGURE 8. Siglec-E deficiency decreasesresistanceto E. coli challenge
(A) Survival analyses of Siglece */* and Siglece =~ mice that were infected with £. coli

25922. The X-axis shows hours after £. coli[0.5 x 108 CFU, intraperitoneal (IP) injection]
infection, while the Y-axis shows % of live mice. (n = 8, 6- to 8-week-old male mice were
used). The survival data are presented in the Kaplan Meier survival curve and analyzed by
log-rank tests. (B) Serum concentrations of TNF-a., IL-6 and IFN- at 6 hours after £. coli
treatment (mean + SD, n = 5; *, P < 0.05). (C) Serum concentrations of TNF-a, IL-6 and
IFN-pB at 20 hours after £. colitreatment (mean £ SD, n = 5; *** P < 0.001). (D) Splenic
cells were collected from Siglece */* or Siglece ™/~ mice treated with £. coli 25922GFP
(1x108 CFU/mouse, i.v. injection) for one hour (n=3, three different mice). Flow cytometry
was then used to examine GFP fluorescent intensity for detecting the bacterial load in
dendritic cells (CD11c™"), macrophages (CD11b*), or neutrphils (CD11b*Gr1*).
Representative FACS profiles were shown. The gates used to determine percent positive
cells were labeled in the upper panels. The bar graphs under the FACS profiles present the
average MFI value £ SEM from one representative experiment (n = 3, three different mice),
the color on individual bar in the bar graph corresponds to the color of the line in FACS
profiles. Experiments depicted in this figure have been reproduced two or three times.
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