University of Dundee

Expression of Siglec-E Alters the proteome of lipopolysaccharide (LPS)-activated
macrophages but does not affect LPS-driven cytokine production or toll-like receptor 4
endocytosis

Nagala, Manjula; McKenzie, Emma; Richards, Hannah ; Sharma, Ritu; Thomson, Sarah;
Mastroeni, Pietro

Published in:
Frontiers in Immunology

DOI:
10.3389/fimmu.2017.01926

Publication date:
2018

Licence:
CcCBY

Document Version
Publisher's PDF, also known as Version of record

Link to publication in Discovery Research Portal

Citation for published version (APA):

Nagala, M., McKenzie, E., Richards, H., Sharma, R., Thomson, S., Mastroeni, P., & Crocker, P. (2018).
Expression of Siglec-E Alters the proteome of lipopolysaccharide (LPS)-activated macrophages but does not
affect LPS-driven cytokine production or toll-like receptor 4 endocytosis. Frontiers in Immunology, 8, 1-17.
[1926]. https://doi.org/10.3389/fimmu.2017.01926

General rights

Copyright and moral rights for the publications made accessible in Discovery Research Portal are retained by the authors and/or other
copyright owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with
these rights.

« Users may download and print one copy of any publication from Discovery Research Portal for the purpose of private study or research.
* You may not further distribute the material or use it for any profit-making activity or commercial gain.
* You may freely distribute the URL identifying the publication in the public portal.

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Download date: 27. Sep. 2021


https://doi.org/10.3389/fimmu.2017.01926
https://discovery.dundee.ac.uk/en/publications/ca33ab1e-952f-476e-99d1-f5606f278df0
https://doi.org/10.3389/fimmu.2017.01926

',\' frontiers

in Immunology

ORIGINAL RESEARCH
published: 15 January 2018
doi: 10.3389/ mmu.2017.01926

OPEN ACCESS

Edited by:

Roland Lang,

Universit tsklinikum Erlangen,
Germany

Reviewed by:

Harald Neumann,

University of Bonn, Germany
Thomas Jacobs,
Bernhard-Nocht-Institut f r
Tropenmedizin, Germany

*Correspondence:
Paul R. Crocker
p.r.crocker@dundee.ac.uk

Specialty section:

This article was submitted to
Molecular Innate Immunity,

a section of the journal
Frontiers in Immunology

Received: 30 October 2017
Accepted: 15 December 2017
Published: 15 January 2018

Citation:

Nagala M, McKenzie E, Richards H,
Sharma R, Thomson S, Mastroeni P
and Crocker PR (2018) Expression of
Siglec-E Alters the Proteome of
Lipopolysaccharide (LPS)-Activated
Macrophages but Does Not Affect
LPS-Driven Cytokine Production or
Toll-Like Receptor 4 Endocytosis.
Front. Immunol. 8:1926.

doi: 10.3389/ mmu.2017.01926

Check for
Updates

Expression of Siglec-E Alters the
Proteome of Lipopolysaccharide
(LPS)-Activated Macrophages but
Does Not Affect LPS-Driven Cytokine
Production or Toll-Like Receptor 4
Endocytosis

Manjula Nagalal, Emma McKenzie!, Hannah Richards?, Ritu Sharma?, Sarah Thomson?,
Pietro Mastroeni? and Paul R. Crocker*

*Division of Cell Signalling and Immunology, School of Life Sciences, University of Dundee, Dundee, United Kingdom,
2Department of Veterinary Medicine, University of Cambridge, Cambridge, United Kingdom

Siglec-E is a murine CD33-related siglec that functions as an inhibitory receptor and is
expressed mainly on neutrophils and macrophage populations. Recent studies have
suggested that siglec-E is an important negative regulator of lipopolysaccharide (LPS)-
toll-like receptor 4 (TLR4) signaling and one report (1) claimed that siglec-E is required for
TLR4 endocytosis following uptake of Escherichia coli by macrophages and dendritic cells
(DCs). Our attempts to reproduce these observations using cells from wild-type (WT) and
siglec-E-de cientmice were unsuccessful. We used a variety of assays to determineif siglec-E
expressed by different macrophage populations can regulate TLR4 signaling in response to
LPS, but found no consistent differences in cytokine secretion in vitro and in vivo, comparing
three different strains of siglec-E-de cient mice with matched WT controls. No evidence
was found that the siglec-E de ciency was compensated by expression of siglecs-F and -G,
the other murine inhibitory CD33-related siglecs. Quantitative proteomics was used as
an unbiased approach and provided additional evidence that siglec-E does not suppress
in ammatory TLR4 signaling. Interestingly, proteomics revealed a siglec-E-dependent
alteration in macrophage protein composition that could be relevant to functional responses
in host defense. In support of this, siglec-E-de cient mice exhibited enhanced growth of
Salmonella enterica serovar Typhimurium in the liver following intravenous infection, but
macrophages lacking siglec-E did not show altered uptake or kiling of bacteria in vitro.
Using various cell types including bone marrow-derived DCs (BMDCs), splenic DCs, and
macrophages from WT and siglec-E-de cient mice, we showed that siglec-E is not required
for TLR4 endocytosis following E. coli uptake or LPS challenge. We failed to see expression
of siglec-E by BMDC even after LPS-induced maturation, but con rmed previous studies
that splenic DCs express low levels of siglec-E. Taken together, our ndings do not support
a major role of siglec-E in regulation of TLR4 signaling functions or TLR4 endocytosis in
macrophages or DCs. Instead, they reveal that induction of siglec-E by LPS can modulate
the phenotype of macrophages, the functional signi cance of which is currently unclear.

Keywords: Siglec-E, toll-like receptor 4, lipopolysaccharide, macrophage, dendritic cells, proteomics
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INTRODUCTION

Innate immune cells express toll-like receptors (TLRs) which
play critical roles in recognition of various pathogen-associated
molecular patterns (PAMPs). Exposure of macrophages and
dendritic cells (DCs) to PAMPS, such as Gram-negative bacte-
rial lipopolysaccharide (LPS), which triggers through TLR4,
can orchestrate a diverse gene expression program required for
shaping the innate and adaptive arms of the immune response
(2 4). ese changes include the induction or repression of a
wide range of genes that regulate pro-in ammatory cytokines,
chemokines, in ammatory mediators, polarization, migration,
and cell survival.  ese processes are tightly regulated and loss
of control is associated with conditions, such as septic shock and
in ammatory diseases (5 7).

Many immune cells express a variety of membrane proteins
with cytosolic tyrosine-based inhibitory motifs (ITIMs) that
negatively regulate signaling through activation receptors.
One important class of such inhibitory receptors implicated
in regulation of TLR signaling is the family of siglecs, de ned
as transmembrane sialic acid-binding Ig-like lectins (8). e
CD33-related siglecs are a recently evolved subset that are
mainly expressed in a complex manner by cells of the innate
immune system. Most contain an ITIM and an ITIM-like motif
in their cytoplasmic tails which, following tyrosine phospho-
rylation by Src-family kinases, are thought to be important for
inhibitory signaling via recruitment and activation of protein
tyrosine phosphatases SHP-1 and SHP-2 (9, 10). e sialic acid-
binding sites of inhibitory siglecs on leukocytes are occupied
by cis-interactions with sialic acids on the plasma membrane
[reviewed in Ref. (8)]. Depending on the sialic acid carriers,
these cis-interactions are likely to be important for regulating the
functional responses of siglecs [reviewed in Ref. (11)]. Siglecs
can also interact with sialic acid ligands in trans, for example,
on encountering another cell or a pathogen expressing high-
a nity/avidity ligands and this can trigger siglec-dependent
signaling functions and endocytosis.

As a model system to understand the signaling functions of
inhibitory CD33-related siglecs on myeloid cells, our labora-
tory has focused on murine siglec-E which is mainly expressed
on neutrophils, tissue macrophages, and splenic DCs (12, 13).

ere have been several reports showing that siglec-E and
its human homolog siglec-9 are important for regulation of
TLR4-driven cytokine production in macrophages and DCs.
In murine bone marrow-derived macrophages (BMDM),
cross-linking of siglec-E with antibodies (Abs) reduced the
production of TNF- , IL-6, and RANTES in response to LPS
stimulation (14). Overexpression of recombinant human
siglec-9 in human THP-1 and mouse RAW264 macrophage
cell lines downregulated the production of pro-in ammatory
cytokines following LPS stimulation (15). Siglec-E expres-
sion has been shown to suppress pro-in ammatory cytokine
production by macrophages in response to a sialylated strain
of Group B Streptococcus (16) and treatment of murine mac-
rophages with sialic acid-decorated nanoparticles was found to
abrogate LPS-induced in ammation (17). More recently, Chen
et al. reported direct interactions between TLRs and siglecs,

including siglec-E (18). e same group also proposed that
cis-interactions between siglec-E and TLR-4 are required for
TLR4 endocytosis following uptake of Escherichia coli and are
important for downregulating TLR4-mediated in ammatory
responses (1, 18).

In this report, we further investigate the potential role of
siglec-E in TLR4 signaling via cis-interactions using three dif-
ferent lines of WT and siglec-E-de cient mice. Consistent with
previous studies, we show that siglec-E is strongly upregulated
by low-dose (1 ng/ml) LPS leading to constitutive tyrosine
phosphorylation and recruitment of the negative regulator
SHP-1. However, we were unable to demonstrate a siglec-E-
dependent e ect on pro-in ammatory cytokine production by
macrophages challenged with a high dose (100 ng/ml) of LPS,
using a variety of approaches, including unbiased quantitative
proteomics. Furthermore, we failed to see any expression of
siglec-E on bone marrow-derived DCs (BMDCs) and were
unable to reproduce the previous ndings of siglec-E-dependent
internalization of TLR4 in response to bacterial challenge.
However, we could demonstrate by quantitative proteomics that
the phenotype of siglec-E-de cient macrophages challenged
with LPS was di erent from WT macrophages, suggesting
that siglec-E contributes to the di erentiation of macrophages
exposed to LPS, but plays little or no role in directly regulat-
ing TLR4-dependent signaling by macrophages or DCs under
physiological conditions.

MATERIALS AND METHODS

Materials

Dulbeccos phosphate-bu ered saline (PBS) without Ca and
Mg, fetal bovine serum (FBS) (quali ed, heat inactivated, E.U.-
approved), penicillin and streptomycin solution, Trypsin EDTA
solution, protein G Dynabeads, Microplate BCA Protein Assay,
NUPAGE LDS Sample Bu er, NUPAGE" Novex 4 12% Bis-Tris
gel, MOPS running bu er, and sample reducing agent, trypsin
protease, Pierce MS Grade, TMT 10-plex  Isobaric Reagent
Label Set were from  ermo Fisher Scienti c, Paisley, UK; Sera-
Mag SpeedBead Carboxylate-Modi ed Magnetic Particles were
from GE LifeSciences; Roche-COMPLETE Mini EDTA-Free
Protease Inhibitor tablets, Roche-PHOSS-RO, PhosSTOP
Trypan blue solution, anti-sheep 1gG (whole molecule)-
peroxidase and anti-rabbit 1gG (whole molecule) peroxidase Ab
produced in goat, lipopolysaccharide from E. coli 0111:B4 were
from Sigma; GM-CSF and IL-4 were from Peprotech, GolgiStop,
CD16/CD32 (Fc block), V500 rat anti-mouse I-A/I-E (clone:
Mb5/114; 562366) were from BD Bioscience, UK; anti-mouse
TNF alpha PE (clone: MP6-XT22), anti-mouse CD11c PE-cy7
(Clone: N418), anti-mouse Ly-6G (Gr-1) Alexa Fluorf 488
(clone: RB6-8C5) were from eBioscience, UK; anti-Salmonella
Typhimurium (clone: 1E6), anti-phosphotyrosine Ab (HRP)
(Abcam clone: PY20-ab16389) were from Abcam, UK; APC
anti-mouse CD11c Ab (clone: N418), PE-conjugated anti-siglec-
E used in ow cytometry (clone: M1304A01), biotin anti-mouse
TLR4 (CD284)/MD2 complex Ab (clone: MTS510), PE/Cy7
anti-mouse TLR4 (CD284)/MD2 complex Ab (clone: MTS510),
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PE anti-mouse/human CD11b Ab (clone: M1/70), APC/Cy7
anti-mouse Ly-6G/Ly-6C (Gr-1) Ab (clone: RB6-8C5) were
from Biolegend, UK; and anti-mouse SHP-1 Ab (clone: C-19)
was from Santa Cruz. E. coli 0111:B4 LPS (Sigma) was used
in all in vitro experiments. E. coli-GFP was obtained from the
American Type Culture Collection (25922GFP). A nity puri ed
sheep anti-siglec-E Ab was produced in-house (12) and used for
immunoprecipitation and immunoblottingand in ow cytometry
experiments where indicated. Anti-mouse siglec-1 Abs SER-4
and 3D6 were produced in-house (19, 20).

Animals

Wild-type and siglec-E-de cient mice on C57BL/6J and Balb/c
genetic backgrounds were generated as described previously
(13, 21). Mice were bred and maintained under speci ¢ pathogen-
free conditions within our own institutional colonies. WT and
siglec-E-de cient mice were derived from heterozygous intercrosses
and then maintained through homozygous crosses between WT
mice and siglec-E-de cient mice. Periodically, the homozygous
mouse colonies were refreshed by heterozygous intercrossing.
Mice used in experiments were sex- and age-matched between the
ages of 7 and 24 weeks. Animal experimentation was approved by
the University of Dundee Animal Ethics Committee and carried
out under UK Home O ce Project License PPL60/3856.

Immuno uorescence Staining

Cryostat sections of liver samples were prepared, xed in pre-
cooled 100% methanol at 20 C, and blocked with 10% normal
serum (Gibco) in 1% sh skin gelatin prior to addition of primary
Abs and secondary Abs. Tissue sections were counterstained with
400 ng/ml DAPI (Sigma), mounted in media (DAKOCytomation,
USA) and analyzed by confocal microscopy. Excitation wave-
lengths were 405, 488, and 555 nm, and emission wavelengths
maxima were 493/519 and 557/574 nm.

Generation and Stimulation of BMDMs

Bone marrow cells were cultured in bacteriological plastic
Petri dishes with DMEM media supplemented with penicillin
and streptomycin, glutamine, 10% FBS, and either 20% L929
conditioned medium or M-CSF (25 ng/ml) for 7 days. BMDM
were harvested with PBS supplemented with 3 mM EDTA and
resuspended at a concentration of 1 10%/ml. For priming, 10 ml
of BMDM cell suspension were seeded in 100 mm dishes and
treated with 1 ng/ml LPS.

Generation of BMDCs

Bone marrow cells were cultured in RPMI 1640 complete medium
supplemented with penicillin and streptomycin, 10% FBS, 20 ng/ml
recombinant mouse GM-CSF and 5 ng/ml IL-4 for 6 days or
10 ng/ml recombinant mouse GM-CSF and 1 ng/ml IL-4 for
12 days. e 12-day-cultured BMDC were stimulated for 24 h
with 100 ng/ml LPS and analyzed by ow cytometry.

Isolation of Peritoneal Macrophages

Cells were isolated from the peritoneal cavity by lavage with 5 ml
RPMI. Cells were washed in media prior to plating in 24-well
platesin RPMI containing 10% FBS, penicillin, and streptomycin.

A er 2 h, non-adherent cells were washed away and adherent
macrophages were treated with LPS in complete RPMI media
for 48 h.

Flow Cytometry

Single cell suspensions were Fc-receptor-blocked for 30 min at
4 C with rat anti-mouse CD16/CD32 Ab in PBS with 1% FBS.
Blocked cells were subsequently incubated with uorophore-
conjugated primary Abs for 60 min at 4 C, prior to washing in
PBS containing 1% FBS and 2 mM EDTA. Following surface
staining, cells were washed and analyzed by ow cytometry,
or were xed with 2% formaldehyde in PBS and then washed/
permeabilized with BD perm/wash bu er (BD Biosciences),
and stained with uorophore-conjugated primary Abs for
60 minat4 C. Cellswere washed and intracellular uorescence
analyzed using a FACS Canto Il ow cytometer and FlowJo
S0 ware.

Intracellular TNF- Production

1 ng/ml LPS-primed cells were stimulated with 100 ng/ml LPS
for 7 h and monensin-containing GolgiStop (BD Biosciences)
was added in the last 6 h of culture. A er washing, cells were
surface stained with biotinylated sheep anti-siglec-E Ab followed
by streptavidin-APC. Cells were then xed with the Cyto x/
Cytoperm solution (BD Biosciences) and incubated with
PE-conjugated anti-mouse TNF- Ab diluted in BD Perm/Wash
bu er (BD Biosciences). Cells were analyzed by ow cytometry
using a FACS Canto Il with FlowJo so ware.

Cytokine ELISAs

IL-6, RANTES, and IL-10 were measured in tissue culture super-
natants and sera using ELISA kits according to the manufacturers
instructions and assay procedures (Peprotech).

Quantitative Real-time PCR

Total RNA was extracted using RNeasy mini kit (Qiagen). To
quantify the gene expression, cDNA was synthesized using
Omniscript RT kit (Qiagen). e sequences of the primers are
shown below. Each PCR was performed in a 25 | reaction
mixture containing SYBR Green Universal master mix (Applied
Biosystems). e nal concentration of primers was 0.3 M in
each reaction. e thermal cycling conditions were as follows:
10 minat 95 C, followed by 40 cycles of 15sat 95 C,30sat 60 C,
and30sat72 C.

Siglec-E Forward GTC TCC ACA GAG CAG TGC AAC TTT ATC
Reverse TGG GAT TCA ACC AGG GGATTC TGA G
Siglec-F Forward CCA CAG GAC CAC CCT CTC CTC
Reverse GGA CTT TAG TTC CTG TGT CAT CTC CC
Siglec-G Forward GCT GCT ACC TGA TAAAGA CAG TGC C
Reverse TTT CCA ATT CCG AGC CAG GGA CC
GAPDH Forward CAA CTC CCACTC TTC CAC CTT CG
Reverse GTA GGG AGG GCT CAG TGT TGG G

Treatment of Mice with LPS
Age- and sex-matched mice were injected intraperitoneally with
15 g LPS [ultrapure E. coli 0111:B4 (Invivogen)]. A er 3 h,
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mice were euthanized, blood was collected by cardiac puncture
and serum samples were prepared for use in ELISA. In some
experiments, livers and spleens were harvested and frozen for
immuno uorescence staining and microscopy.

Infection of Mice with Salmonella

Sex- and age-matched 9- to 15-week-old mice were infected by
intravenous injection of Salmonella enterica serovar Typhimurium
strain M525P suspensions in a volume of 0.2 ml PBS. Cultures
were grown from single colonies in 10 ml LB broth incubated
overnight without shaking at 37 C, then diluted in PBS to the
appropriate concentration for inoculation. e infective dose was
enumerated by plating dilutions onto LB agar plates. Mice were
killed by exposure to a rising concentration of carbon dioxide,
and death con rmed by cervical dislocation. Livers and spleens
were aseptically removed and homogenized in sterile water
using a Precellys 24 homogenizer. e resulting homogenate was
diluted in a 10-fold series in PBS and LB agar pour plates were
used to enumerate viable bacteria.

Infection of Macrophages with Bacteria
for Bacterial Uptake, Bactericidal Activity,
and TLR4 Endocytosis Assays

To assess bacterial uptake, cells were infected with either
S. Typhimurium strain M525P or E. coli-GFP for 30 min. A er
infection, the cells were washed with PBS and analyzed by
ow cytometry. For assessing bactericidal activity, the infected
cells were further incubated for 60 min with medium contain-
ing 100 g/ml gentamicin to kill extracellular bacteria. e
medium was then replaced with 10 g/ml gentamicin and bac-
tericidal activity was measured by harvesting cells at di erent
time points and analyzing the decaying E. coli-GFP signal by
ow cytometry. To assess TLR4 levels, cells were infected with
E. coli-GFP for 1 h, stained with anti-TLR4 Ab and analyzed by
ow cytometry.

Siglec-E Co-Immunoprecipitation

Bone marrow-derived macrophages were primed with 1 ng/ml
LPS for 3 days and lysed in 50 mM Tris HCI, 150 mM NacCl,
and 1% NP-40 with protease and phosphatase inhibitors. Lysates
were subjected to immunoprecipitation with anti siglec-E Ab.
Immunoblots were probed with sheep anti-siglec-E Ab and Abs
to SHP-1 and phosphotyrosine followed by HRP-conjugated
secondary Abs followed by ECL autoradiography.

SP3 Processing for Quantitative

Proteomics

Bone marrow-derived macrophages were primed with 1 ng/ml
LPS for 3 days and stimulated with 100 ng/ml LPS for 7 h.
Monensin-containing GolgiStop (BD Biosciences) was added
for the last 6 h of culture. A er washing, cells were lysed in lysis
bu er (4% SDS, 50 mM TEAB pH 8.5, 10 mM TCEP), boiled
and sonicated with a BioRuptor (30 cycles: 30 s on, 30 s 0 )
before alkylation with 20 mM iodoacetamide for 1 h at room
temperature in the dark. Lysates were subjected to the SP3 protein
clean-up procedure (22), eluted into digestion bu er (0.1% SDS,

50 mM TEAB pH 8.5, 1 mM CaCl2) and digested with trypsin at
a 1:50 (enzyme:protein) ratio. TMT labeling and peptide clean-
up were performed according to the SP3 protocol. Samples were
eluted into 2% DMSO, combined, and dried under vacuum. TMT
samples were fractionated using o ine high pH reverse-phase
chromatography. Peptides were separated, concatenated to 22
fractions, dried and peptides redissolved in 5% formic acid and
analyzed by LC-MS.

Proteomics Quanti cation and

Bioinformatics Analysis
Four biological replicates from four independent biological
samples were processed for proteomic analysis (22). e raw
mass spectrometric data were loaded into MaxQuant (version
1.5.3.30) (23), using the Andromeda search engine so ware
(24). Enzyme speci city was set to that of trypsin/P, allowing for
cleavage of N-terminal to proline residues and between aspartic
acid and proline residues. Other parameters used were as fol-
lows: (i) variable modi cations methionine oxidation, protein
N-acetylation; (ii) xed modi cations, cysteine carbamidometh-
ylation; (iii) database: Uniprot mouse (downloaded 130501,
50800 sequences); (iv) labels: 10-plex TMT (v) MS/MS tolerance:
FTMS- 50ppm, ITMS-0.5 Da; (vi) minimum peptide length,
7; (vii) maximum missed cleavages, 2; and (viii) and (ix) PSM
and Protein false discovery rate, 1%. For bioinformatic analysis,
Reporter ion intensities (corrected) results from MaxQuant were
imported into Perseus so ware (version 1.5.1.6). e normalized
corrected reporter ion intensities for each label were used to cal-
culate ratios and all Contaminant, Reverse and Only identi-
ed by site proteins were removed from the data. Proteins above
twofold change [log2(2) = 1], proteins with nominal p-value less
than 0.05[ 1og10(0.05) =1.301] were considered asdi erentially
expressed proteins. All bioinformatics analyses were performed
with the Perseus so ware of the MaxQuant computational
platform (23 25). GO over representation enrichment analysis
was done using WEB-based Gene SeT Analysis Toolket and
geneontology database (26). e mass spectrometry proteomics
data have been deposited to the ProteomeXchange Consortium
via the PRIDE (27) partner repository with the dataset identi er
PXD008406.

Statistics

Statistical signi cance was determined using the two-tailed
Students t-test or non-parametric Mann Whitney rank-sum
test. All experiments were performed at least twice. p Values of
<0.05 were considered signi cant.

RESULTS

Siglec-E Is Upregulated on Macrophages
by LPS In Vivo and In Vitro, but Does not
Regulate Production of In ammatory

Mediators
To study the physiological role of siglec-E in regulating LPS-
TLR4-driven in ammatory responses, we used siglec-E-de cient
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mice generated by three di erent approaches as described in
our previous reports (13, 21). First, siglec-E KO1 mice (referred
to as KO1) were generated in 129 embryonic stem (ES) cells fol-
lowing replacement of exons 1 and 2 with a neomycin cassette
and backcrossed for more than 15 generations onto the C57BL/6J
and Balb/c genetic backgrounds. Second, siglec-E knockin

mice (referred to as R126D) were generated in C57BL/6 ES cells
by introducing a targeted mutation, R126D, to destroy the sialic
acid-binding site of siglec-E (13). R126D were shown previously
not to express siglec-E protein at detectable levels due to e ects
on gene transcription (13). ird, siglec-E KO2 mice (referred
as KO2) are a complete knock-out of siglec-E on a C57BL/6J
background, generated by further crossing R126D mice with
transgenic (Nes-cre)1Wme/J (Ball cre) mice to partially delete

the loxP- anked allele (21). As described previously, all mouse
lines were born at normal Mendelian frequencies and were
viable, with no alterations in leukocyte subpopulations com-
pared with their matched WT controls.

On cryostat sections, siglec-E was shown to be expressed in
tissue macrophages including liver Kup er cells (Figure 1A)
and splenic red pulp macrophages (data not shown) and was
strongly upregulated on Kup er cells following injection of
mice with 15 g LPS (Figure 1). As expected, siglec-E was
undetectable in tissues of siglec-E-de cient mice (Figure 1A).
To study the signaling functions of siglec-E in macrophages,
we used BMDM grown in M-CSF or in L929 cell conditioned
medium as a source of M-CSF.  ese cells expressed very
low levels of siglec-E but this could be strongly increased by

A Siglec-E Siglec-1 DAPI

Overlay

WT PBS

WTLPS

KO1 PBS

KO1LPS

Siglec-E

Siglec-1 Overlay

WT PBS

WTLPS

R126D PBS

R126D LPS

phosphotyrosine, SHP-1 and siglec-E.

B c WT KO2
Without LPS 1 ng/ml LPS
et ¢ 1 Phospho Tyr IB
A —WT A —WT | Siglec-E IP
1 — K02 [\ —K02
[ [ SHP-11B
\ [ - Siglec-E IP
\
f' ‘\ [ | .
[\ | Siglec-E 1B
/ \ /‘ \ Siglec-E IP
/ A\ / \
S — LSS Siglec-E 1B
° 10 10 10 10 0 10 l? 10 10 " to[al Iysa[e
Siglec-E Siglec-E -

FIGURE 1 | Siglec-E expression on tissue macrophages and bone marrow-derived macrophages (BMDM) is upregulated following lipopolysaccharide (LPS)
treatment. (A) Wild-type (WT), KO1, and R126D mice were injected with 15 g LPS or PBS intraperitoneally. After 3 h, animals were euthanized and tissue
samples collected and frozen. Liver cryostat sections were labeled with sheep anti-siglec-E Ab directly labeled with Alexa 488 and anti-siglec-1 Abs SER-4
and 3D6 followed by anti-rat Alexa 647. Sections were also stained with DAPI to reveal nuclei. Siglec-E is expressed on Kupffer cells, which co-express
siglec-1, and is upregulated following LPS stimulation in WT but not KO1 or R126D mice. Green dots in the anti-siglec-E stained KO1 and R126D sections
are due to non-speci ¢ binding of the antibody (Ab). The scale bar represents 10 m. (B) Siglec-E is expressed at low levels on BMDM and strongly
upregulated following 3 days culture in 1 ng/ml LPS. (C) Siglec-E is constitutively phosphorylated in LPS-stimulated BMDM. WT and KO2 BMDM were
treated for 3 days with 1 ng/ml LPS and the upregulated siglec-E was immunoprecipitated (IP) using sheep ant-siglec-E Ab and immunoblotted (IB) for
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cultivation for 3 days in low dose, 1 ng/ml LPS (Figure 1B).

is low concentration of LPS was shown previously not to
tolerize macrophages to a subsequent high-dose challenge of
100 ng/ml LPS (28). Immunoprecipitation of siglec-E from
1 ng/ml LPS-primed BMDM cells revealed that siglec-E was
constitutively tyrosine-phosphorylated and associated with
endogenous SHP-1 (Figure 1C).

To investigate whether siglec-E could inhibit TLR4-driven
in ammatory responses, LPS-primed BMDM were challenged
for 7 h with 100 ng/ml LPS, with GolgiStop (monensin) added
for the last 6 h post LPS stimulation to trap secreted in ammatory
proteins. s led to strong induction of TNF- as measured by
intracellular ow cytometry (Figure 2A). However,nodi erences
were seen comparing WT and siglec-E-de cient macrophages. To
determine whether siglec-E could modulate other TLR4-driven
cytokine responses at the later time point of 48-h post LPS treat-
ment, ELISA was used to measure IL-6, IL-10, and RANTES in
tissue culture supernatants, but no signi cant di erences were
seen comparing WT and siglec-E-de cient BMDM (Figure 2B).
Similar observations were made using resident peritoneal mac-
rophages that constitutively express siglec-E (Figure 2C). Finally,
we asked whether siglec-E-de cient mice exhibited exaggerated
cytokine responses at 3 h following intraperitoneal injection of
LPS. Surprisingly, we saw reduced IL-6 and IL-10 responses in
the sera of KO1 mice, but nodi erences were seen in E126D mice
(Figure 3).

To check whether other ITIM-containing CD33-related siglecs
were expressed in LPS-treated macrophages to compensate for
the loss of siglec-E expression, we performed quantitative RT-PCR
on macrophage lysates and analyzed expression of mRNASs
encoding siglecs-E, -F, and -G, which are the only ITIM-bearing
CD33-related siglecs in mice (Figure 4). As a positive control
for siglecs-F and -G, which are mainly expressed in eosinophils
and B cells, respectively, we used mouse bone marrow cells that
showed the expected signals. However, while siglec-E mRNA
was strongly upregulated in LPS-treated WT macrophages, there
was no evidence for upregulation of mRNAs for siglecs-F and -G
which remained at low or undetectable levels (Figure 4).

erefore, the failure of siglec-E to suppress TLR4 signaling can-
not be explained by compensatory upregulation of other related
inhibitory siglecs.

Quantitative proteomics was next used as an unbiased
approach to determine if additional LPS-induced in amma-
tory mediators could be regulated by expression of siglec-E in
macrophages (Figure 5). A number of secretory in ammatory
cytokines (TNF, 1116, Il1b, 1118, and 1119) and chemokines
(Ccl2, Ccl3, Ccl4, Ccl5, Cclb, Ccl7, Ccl9, Ccl12, Cxcl2, Cxcl3,
Cxcl10, Cxcl16, and Cxxcl) were detected in the proteome fol-
lowing 100 ng/ml LPS treatment (Table S1 in Supplementary
Material). However, apart from Ccl7 which was reduced in
KO2 macrophages, none of the other upregulated cytokines and
chemokines showed any signi cantdi erences comparing pro-
teomes from WT and siglec-E-de cient BMDM (Figure 5A).
Interestingly, the proteomics analysis revealed that WT
and siglec-E-de cient BMDM exhibited many di erentially
regulated proteins not implicated in LPS-induced in amma-
tion. Gene ontology enrichment analyses showed that these

proteins were mainly associated with cellular features, such as
membranes, vesicular transport, and cytoskeleton (Figure 5B).

Siglec-E-De cient BMDM Are Not

Defective in Bacterial Uptake and Killing

e proteomic di erences between WT and siglec-E KO mac-
rophages point to functions relating to endocytosis and endoso-
mal/lysosomal tra cking which could be relevant to bacterial
uptake and/or bactericidal activity of macrophages (29 31).

is possibility was also consistent with in vivo observations
that siglec-E-de cient mice showed increased bacterial loads
following infection with Salmonella Typhimurium (Figure 6).

erefore, to test the hypothesis that siglec-E contributed
to uptake and Killing of bacteria by macrophages, in vitro
infection studies were carried out using S. Typhimurium and
E. coli (Figure 7). No di erences in uptake of either bacteria
were observed at 30 min a er infection comparing WT and
siglec-E-de cient BMDM (Figure 7A). In addition, no di er-
ences in bactericidal activity of macrophages were seen using
E. coli GFP and measuring loss of the GFP signal over a 6 h
time course (Figure 7B).

Siglec-E Is Not Required for TLR4
Endocytosis in BMDM, BMDC, Splenic

Macrophages, or Splenic DCs
Several studies have shown that LPS CD14 TLR4 MD2 com-
plexes undergo endocytosis, leading to macrophage desensiti-
zation and tolerance (32 35). e endocytosed TLR4 initially
activates TRIF TRAM signaling in the early endosome and is
later channeled to lysosomes and degraded through the ubiqui-
tin pathway to limit further signaling (36 38). Recent studies
in DCs demonstrated a role for siglec-E in promoting TLR4
endocytosis and downregulating TLR4-mediated in amma-
tory responses following E. coli infection (1, 18). In view of our
ndings that siglec-E on macrophages does not seem to regulate
TLR4 in ammatory signaling, we asked if siglec-E a ects TLR4
endocytosis in macrophages. Following E. coli-GFP infection
of BMDM, TLR4 underwent endocytosis as reported by oth-
ers (Figure 8A). However siglec-E-de cient BMDM showed
similar levels of TLR4 endocytosis (Figure 8A; Figure S1A in
Supplementary Material). To check if the previously reported
role of siglec-E in downregulating TLR4 was restricted to DCs,
we also analyzed responses in BMDC (Figure 8A). Similar to
BMDM, the BMDC showed strong downregulation of TLR4 on
exposure to E. coli-GFP, but this was una ected in cells prepared
fromsiglec-E de cientmice (Figure 8A). We also asked whether
siglec-E might regulate LPS-mediated TLR4 endocytosis. While
low doses up to 1.0 ng/ml LPS did not a ect TLR4 levels at
the cell surface, higher doses such as 50 ng/ml led to reduced
TLR4 expression that was similar in WT and siglec-E-de cient
BMDM (Figures 8B,C; Figure S1B in Supplementary Material).
Similar observations were made with splenic macrophages and
splenic DCs incubated with E. coli-GFP though the overall
levels of TLR4 endocytosis were low compared to in vitro
cultured BMDM and BMDC (Figure 8D; Figures S1C,D in
Supplementary Material).
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FIGURE 2 | Continued
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