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Abstract

Streptococcus pneumoniae (SPN) is the single most deadly bacterial infection
globally, capable of causing a wide spectrum of disease, including sinusitis, otitis media,
pneumonia, bacteremia and meningitis. The mortality caused by pneumococcal disease
is sometimes linked to imbalanced hyper-inflammatory responses of the host despite of
successful pathogen clearance. All SPN strains identified so far produce a surface-
associated sialidase (NanA) and we recently demonstrated that leukocyte inflammatory
responses are aggravated by pneumococcal NanA through removing the cis-lignads of
Siglec expressed on the same myeloid cells. Cell surface in the immune system are
richly equipped with a complex mixture of various lectins and glycans. Siglec binding
sites are typically ‘masked’ by cis interactions with other sialoglycan ligands expressed
on the same cell. Given the ubiquitous and abundant expression of host Sias and the
prominence of cognate ITIM-bearing receptors on innate immune cells, Sia is proposed
to act as “self-associated molecular patterns” to control the activation threshold of
immune cells. Toll-like receptor (TLR) family, a member of pattern recognition
receptors (PRRs), are generally thought to be a first-line defense to recognize pathogens.
Upon infection, immune cells sense the environment through their various PRRs,
processing and integrating this external information through the intracellular signaling
cascade and induce appropriate immune responses to combat infectious microbial
agents. Thus, this study we aimed to further investigate how pneumococcal NanA-
mediated cell desialylation affects the crosstalk between Siglec and PRR signaling
pathway. We hypothesized NanA-mediated host cell desialylation may disrupt the
interaction between TLR and Siglec, dysregulate the inflammatory signals downstream
of TLR and cause excessive pro-inflammatory substance upon pneumococcal infection.
Our data suggested that WT SPN was able to induce stronger TNF-a production that
partially rely on lipid rafts structure on cell membrane and activation of signaling
molecules involved in MAPK, PI3k/Akt and NF-kB pathways compared to Anand SPN.
This pneumococcal NanA-mediated cell activation may result from affecting TLR-2-
Siglec-5 interaction and Sigelc-5-associated signaling molecules. In addition to dissect
the role of inhibitory Siglec in NanA-mediated pneumococcal inflammation, we also
found that expression of an activating Siglec, Siglec-14, on human primary
macrophages and THP-1 cells also affects host immune responses upon cell surface

desialylation by pneumococcal NanA.
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l. Introduction
A. Streptococcal neuraminidase

Streptococcus pneumoniae (SPN), a Gram-positive bacterial pathogen, is one of
the leading cause of community-acquired pneumonia. SPN is the normal flora
colonizing on the mucosal surface of the host nasopharynx and is found in
approximately 85% of children under the age of 4 years . While this colonization is
typically asymptomatic and self-limiting, it is the requisite step for most if not all
pneumococcal diseases . The common manifestation of pneumococcal diseases
includes acute otitis media, pneumonia and meningitis *. Current pneumococcal
vaccines are exclusively targeted at the SPN capsular polysaccharide, which provide
strictly serotype-specific protection and result in the increase in the incidence of

bacteremia caused by non-included serotypes .

During the progression of pathogenesis, bacterial pathogens evolve various
sophisticated strategies to prevail over host immunity and compete against the
microflora residing in the same niche. Streptococcal neuraminidase (Nan), also known
as sialidase, is one of the exoglycosidases produced by SPN. SPN encodes at least three
neuraminidase genes: nanA, nanB and nanC. All strains encode nanA, and most also
encodes nanB; however, only approximately 50% of strains encode nanC ®. There is a
LPXTG cell wall anchoring motif in the C-terminus of NanA and previous report was
also able to locate NanA expression on the bacterial surface by immunogold electron
microscopy. In addition, a secreted form of NanA has also been proposed by the authors
since the bacterial surface proteases are likely to cleave this LPXTG motif to release
NanA into extracellular environment °. The proposed functions of NanA include
removal of terminal sialic acids found on many human glycoconjugates, which leads to
unmask receptors for adherence, to modify the surface of bacteria co-inhabiting the

10 NanA was also involved in

same niche, and to provide a nutrient source
pneumococcal biofilm formation independently of its enzymatic activity '!. In addition,
clinical observations suggest that the persisting high mortality in pneumococcal
pneumonia is often related to dysregulated hyper-inflammation despite the successful
bacterial eradication by antibiotics treatment '2. An exaggerated pro-inflammatory
responses of leukocytes caused by pneumococcal NanA has been reported recently '3;
however, the detailed mechanisms of excess inflammatory response mediated by

pneumococcal NanA remain largely unknown.
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B. Sialic acid (Sia)-binding immunoglobulin-like lectins (Siglecs)

Siglecs are membrane-bound I-type lectins that constitute Sia-binding
immunoglobulin superfamily with distinct cell distribution and glycan specificities 4.
To date, fifteen and nine Siglecs have been identified in humans and mice, respectively
(Appendix. Table. S1) . In mammals, there are two subgroups of Siglecs: (i)
sialoadhesin (Sn; Siglec-1), CD22 (Siglec-2), MAG (Siglec-4) and Siglec-15, which
are expressed in all species; and (ii) CD33-related Siglecs which vary considerably in
composition between species and appear to undergo rapid evolution in primates
(Appendix. Fig. S1). All Siglecs contain a homologous N-terminal V-set Ig-like domain,
which recognizes sialylated glycans, followed by variable numbers of C2- set domains.
When expressed on the cell surface, Siglecs interact with Sia-containing ligands both
in cis (on the same cells) and #rans (on the different cells). Both types have been shown
to play important roles in immune modulation '%!°. The cytosolic domain of most
Siglecs possess two or more immune-receptor tyrosine-based inhibitory motif (ITIM)
that can be phosphorylated to create SH2 domain binding sites and recruit SH2 domain-
containing effector molecules. It has been reported that enhanced anti-inflammatory IL-
10 production and reduced pro-inflammatory TNF-a production upon LPS stimulation
can be observed in the Siglec-5 and Siglec-9 overexpressing murine macrophages '6.
Moreover, mutation in the intracellular ITIM motif and essential arginine in the Sia-
binding pocket both abolished the Siglec-9-mediated IL-10 production '®!7. which
indicates that both the ITIM motif and the lectin activity are critical and essential for
the inhibitory immunomodulation of Siglecs. Phosphorylated ITIMs create the docking
sites for tandem SH2 domain-containing protein tyrosine phosphatases (SHP)-1 and
SHP-2 '31819 " Macrophages from motheaten (SHP-1-deficient) mice are hyper-
responsive to hematopoietic cell growth factors and other stimuli 2°. In contrast,
overexpression of SHP-1 or SHP-2 inhibit Toll-like receptor (TLR) ligand-triggered
cytokine production 21?2, Activating Siglecs, such as Siglec-14 and Siglce-16, are able
to associate with DNAX activation protein of 12 kDa (DAP12), an adaptor protein with
immune-receptor tyrosine-based activation motif (ITAM); therefore, these Siglecs are
suggested to directly trigger signal transduction via Syk recruitment and result in cell

activation (Appendix. Fig. S2).

Siglecs are involved in immune-modulation in several aspects. Cd22”" B cells
exhibit hyper-activation in response to several TLRs ligands; while the expression of

CD22 reduces lipopolysaccharide (LPS)-triggered NF-kB activation in vitro ?*. Both

2
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Sigelc-7 and Sigelc-9 can negatively modulate TCR activation, such as de-
phosphorylation of ZAP-70 by recruitment of SHP-1, resulting in the reduction of
NAFT (nuclear factor of activated T cells)-mediated gene transcriptions 2*. The
interaction of CD14 with CD33 regulates its presentation of LPS from CD14 to TLR-
4, and eventually results in the attenuated TLR-4-mediated signaling 2°. Furthermore,
MyD88-dependent up-regulation of Siglec-E negatively modulates TLR-induced
amplification of IFN-B via SHP-2 recruitment 2°. In a model of LPS-induced lung
inflammation, Sigelc-E deficient mice showed exaggerated CDI11b-dependent
neutrophil influx into lung tissue 2. All these cases point out the significance of Siglecs

as an negative regulator in host immunity.

C. Siglec-5 and Siglec-14 paired receptors and their roles in immunity

Due to ongoing gene conversion, the SIGLECS and SIGLEC14 gene is adjacent to
each other on chromosome 19, which encodes proteins 100% identical in their V-set
domain and differs in only one amino acid in the first C2 domain. However, they
transmit opposite intracellular signals upon ligand engagement. Siglec-5 has an
intracellular ITIM motifs to transduce inhibitory signals, whereas Siglec-14 is
associated with DAP12 to mediate activating signaling. Both Siglec-5 and Siglec-14
bind similar ligands, with a preference for the sialyl-Tn structure (NeuSAca2-
6GalNAca) 8. It has been shown that Siglec-5 is expressed on neutrophils, monocytes
and B cells, while Siglec-14 is found at low level on neutrophil and monocytes. A
SIGLECI4 null allele discovered recently is preferentially present in Asian populations
but is less common in Europeans . It is generated by a recombination event between
the 5’ region of the SIGLECI4 gene and 3’ region of the SIGLECS gene, resulting in

fusion protein that is identical to Siglec-5 but expressed in Siglec-14 like manner.

Individuals who are SIGLECI4 null exhibited reduced exacerbation in chronic
obstructive pulmonary disease (COPD), when compared with individuals expressing
SIGLEC14 wild-type %°. It has been demonstrated that both Siglec-5 and Siglec-14 can
bind sialylated strains of Haemophilus influenza (H. influenzae), which is a major cause
of COPD exacerbation and binding of Siglec-5 and Siglec-14 with sialylated H.
influenzae triggered inhibitory and activating responses, respectively. Thereby, the
absence of Siglec-14 on myeloid cells would lead to reduced inflammatory responses
in SIGLEC[4-null individuals. Besides expression on leukocytes, both Siglec-5 and
Siglec-14 are found on human amniotic epithelium and may influence the host

responses to group B Streptococcus (GBS) infection and the frequency of preterm births
3
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in infected mothers **. Aside from mediating sialic acid-dependent interactions between
host cells and pathogens, Siglec-5 and Siglec-14 are capable of mediating Sia-
independent interactions with some GBS strains via recognition of bacterial surface B-
protein . A recent study also demonstrated that a non-glycosylated danger-associated
molecular pattern (DAMP) protein , heat shock protein 70, can modulate cellular

responses via direct binding to Siglec-5 and Siglec-14 3!

D. Cell surface receptors synergize to cellular responses

There are several kinds of receptors resides on cell membrane which act as
sensing molecules to deliver signaling and maintain the normal biological functions in
dynamic equilibrium. In some cases, these receptors tend to collaborate with each other
to make more efficient and correct responses to their corresponding stimuli, including
self and non-self molecules. The combined activation of these receptors can result in
complementary, synergistic or antagonistic effects through controlling the fine-
balanced intracellular responses that modulate innate and adaptive immunity. Co-
engagement of FcyRIIB (low affinity immunoglobulin gamma Fc region receptor I1-b)
to an ITAM-bearing receptor leads to tyrosine phosphorylation of the ITIM by Lyn
kinase, recruitment of SHIP, and inhibition of ITAM-induced calcium mobilization and
cellular proliferation in B cells 3>, It has been shown that clustering of complement
receptor 3 and Dectin-1 on lipid raft exerts their coordinated action of TNF-a and IL-6
production upon fungal infection 3*. The association between CD24 with Siglec-10 in
human or Siglec-G in mice allows the host cells to discriminate PAMPs from DAMPs
by selective repression of the host response to DAMPs *>-¢, Disruption of the CD24-
Siglec-G/10 interaction caused by microbial sialidase facilitates the exacerbated
virulence-mediated cytokine storm during sepsis . In addition, a broad and direct

interaction between Siglecs and TLRs are demonstrated in a recent study .

E. Hypothesis

An exaggerated pro-inflammatory responses of leukocytes caused by
pneumococcal NanA has been reported recently !*; however, the molecular mechanisms
of how excess inflammatory cytokine response mediated by pneumococcal NanA
remain largely unidentified. Besides, several reports demonstrated that Siglecs are
important negative regulator in immune-modulation via synergistic coordination with
other surface receptors 237, Based on these observations, we hypothesize that during
pneumococcal infection, bacterial sialidase may disrupt the Sia cis-interaction between

Siglecs with other pattern recognition receptors, such as TLRs and results in cellular
4
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activation, followed by excess production of pro-inflammatory substances. In addition,
expression of inhibitory Siglec-5 or activating Siglec-14 may influence host cellular
responses during pneumococcal NanA-mediated desialylation among different

SIGLEC14 genotypes individuals.
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1. Materials and methods

1. Materials

A. Cell lines and culture conditions

Cell lines

Growth conditions

Sources

THP-1 (human acute monocytic

leukemia cell line)

37°C with 5% CO> in
RPMI medium with
10% FBS, 10mM
HEPES, 1mM
sodium pyruvate,
2.50/L glucose,
0.05mM 2-ME

American Type
Culture Collection
(ATCC)

EV/THP-1 (pMSCV-IRES-EGFP

transfected in THP-1)

37°C with 5% COs in
RPMI medium with
10% FBS

Gift from Dr.
Takashi Angata
(Academia Sinica)

Siglec-5/THP-1 (pMSCV-IRES-
EGFP-Siglec-5 in THP-1)

37°C with 5% CO2 in
RPMI medium with
10% FBS

Gift from Dr.
Takashi Angata
(Academia Sinica)

Siglec-14/THP-1 (PMSCV-IRES-
EGFP-Siglec-14 in THP-1)

37°C with 5% COz in
RPMI medium with
10% FBS

Gift from Dr.
Takashi Angata
(Academia Sinica)

B. Bacterial strains and culture conditions

Bacterial strains Growth conditions Sources
S. pneumoniae serotype 2 D39 37°C with 5% COz in Gift from Dr.
THY medium Victor Nizet

(UCSD)
S. pneumoniae nanA mutant 37°C with 5% CO: in Gift from Dr.
THY medium Victor Nizet

(UCSD)

C. Antibiotics

Antibiotics Stock concentration Working concentration
Penicillin Streptomycin 100X 1X
solution
Puromycin 10 mg/ml 50 pg/ml
Gentamycin 50 mg/ml 100 pg/ml

D. Antibodies
Name Conjugation Clone Source Application
Mouse IgG1, k Nil MOPC-21 BiolLegend FACS
Human CD170 APC 1A5 BioLegend FACS
Human CD170 Nil 1A5 BiolLegend IP
Human Siglec- Nil Goat R&D systems WB
5/Siglec-14 polyclone
Human CD282 Nil TL2.1 BioLegend IP
(TLR2)

6
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Toll-like Receptor 2 Nil D7G9Z Cell Signaling WB
Phospho-NF-kB p65 Nil 93H1 Cell Signaling WB
(Ser536)
IxB-a Nil C-15 Santa Cruz WB
Biotechnology
Phospho-IkB-a Nil 5A5 Cell Signaling WB
(Ser32/36)
Phospho-Shc (Tyr317) Nil Rabbit Cell Signaling WB
polyclone
SH-PTP1 (SHP-1) Nil C-19 Santa Cruz wWB
Biotechnology
SH-PTP2 (SHP-2) Nil C-18 Santa Cruz wWB
Biotechnology
Syk Nil N-19 Santa Cruz WB
Biotechnology
Phospho-Syk Nil C87C1 Cell Signaling WB
(Tyr525/526)
Flotillin-1 Nil 18/Flotilli  BD wWB
nl Transduction
Laboratories
p38a MAP kinase Nil 5F11 Cell Signaling WB
Phospho-p38 MAPK  Nil D3F9 Cell Signaling WB
(Thr180/Tyr182)
p44/42 MAPK Nil 3A7 Cell Signaling WB
(Erk1/2)
Phospho-p44/42 Nil D13.14.4E Cell Signaling WB
MAPK (Erk1/2) (Thr
202/Tyr204)
Akt (pan) Nil 40D4 Cell Signaling WB
Phospho-Akt (Ser473) Nil D9E Cell Signaling WB
a-Tubulin 4a Nil Rabbit GeneTex wWB
polyclone
B-Actin Nil AC-15 Sigma-Aldrich  WB
Donkey a-Mouse IgG  680RD Polyclone LI-COR WB
Donkey o-Rabbit IgG  800CW Polyclone LI-COR WB
Donkey a-Goat IgG 680RD Polyclone LI-COR wWB
Streptavidin 800CW LI-COR wB
Erythrina Cristagalli Biotin Vector IF
Lectin (ECA, ECL) Laboratories
Peanut Agglutinin FITC Vector FACS

(PNA)

Laboratories

FACS, Fluorescence-activated cell sorting; IP, immuno-precipitation; WB, western
blotting; IF, immuno-fluorescent microscopy
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E. Antibodies for micro-western array

Name Regulation Source

p38a MAP kinase signaling Cell Signaling
Phospho-p38 (Thr180/Tyr182) MAP kinase signaling Cell Signaling
Phospho-p44/42 MAPK (Erk1/2)  MAP kinase signaling Cell Signaling
(Thr202/Tyr204)

Phospho-Jun(-c) (Ser63) MAP kinase signaling Cell Signaling
Phospho-JNK (Thr183/Tyr185, MAP kinase signaling Millipore
Thr221/Tyr223)

Phospho-MEK1 MAP kinase signaling Millipore
(Ser218/222)IMEK?2 (Ser222/226)

Phospho-MKK3 (Ser189)/MKK6  MAP kinase signaling Cell Signaling
(Ser207)

Phospho-MKK7/SKK4 (Thr275)  MAP kinase signaling Millipore
Phospho-Akt (Ser473) PI3K/Akt signaling Cell Signaling
PTEN P13K/Akt signaling Epitomics
Phospho-PTEN (Thr366/Ser370)  PI3K/Akt signaling Epitomics
Phospho-GSK3 (Tyr279/Tyr216)  PI3K/Akt signaling Millipore
Phospho-PDK1 (Ser241) P13K/Akt signaling Cell Signaling
Phospho-eNOS/NOS |11 (Ser116) PI3K/Akt signaling Millipore
Phospho-PLCy1 (Tyr783) Ca/cAMP/lipid signaling Cell Signaling

Phospho-PKCy (Thr655)
Phospho-PKD (Ser916)
Phospho-PKD2 (Ser876)
Phospho-PKA (Ser96)

Ca/cAMP/lipid signaling Millipore
Ca/cAMP/lipid signaling Millipore
Ca/cAMP!/lipid signaling Millipore
Ca/cAMP/lipid signaling Millipore

Phospho-Lyn (Tyr507) Lymphocyte signaling Cell Signaling
Phospho-Lck (Tyr505) Lymphocyte signaling Cell Signaling
Phospho-Syk (Tyr525/526) Lymphocyte signaling Cell Signaling
Phospho-Syk (Tyr323) Lymphocyte signaling Millipore
Hck (C-term) Lymphocyte signaling Epitomics
IkappaB-alpha NF-xB Signaling Epitomics
Phospho-IkBa (Ser36) NF-kB Signaling Epitomics
Phospho-NF-kB p65 (Ser529) NF-kB Signaling Epitomics
LC3A/B Autophagy Signaling Epitomics
Beclin-1 Autophagy Signaling Epitomics
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Phospho-acetyl CoA carboxylase  Glucose metabolism Millipore
(Ser79)
Phospho-AMPKa (Thr172) Glucose metabolism Cell Signaling
GAPDH Glucose metabolism Cell Signaling
GRP-78 Glucose metabolism Millipore
SREBP1 Glucose metabolism Millipore
Phospho-SHP-2 (Tyr542) Phosphatase Epitomics
Phospho-PP2A (Tyr307) Phosphatase Epitomics
HDAC1 Chromatin regulation Millipore
HDAC3 Chromatin regulation Millipore
HDAC4 Chromatin regulation Millipore
Tri-Methyl-Histone H3 (Lys27) Chromatin regulation Cell Signaling
Phospho-Shc (Tyr317) ErbB/HER signaling Cell Signaling
Phospho-Src (Tyr527) ErbB/HER signaling Cell Signaling
Phospho-Src (Tyr416) ErbB/HER signaling Millipore
Cleaved caspase-3 (Aspl75) Apoptosis Cell Signaling
Cleaved caspase-9 (Asp330) Apoptosis Cell Signaling
Bcl-2 Apoptosis BD
Caspase-1 Energy metabolism Cell Signaling
Phospho-Rictor (Thr1135) MTOR signaling Cell Signaling
Phospho-mTOR (Ser2481) mTOR signaling Cell Signaling
Phospho-Raptor (Ser792) mTOR signaling Cell Signaling
HIF1-a mTOR signaling GeneTex
Actin Cytoskeletal signaling Abcam
Vav3 Cytoskeletal signaling Millipore
a-tubulin Cytoskeletal signaling OriGene
Phospho-p70 S6 kinase (Thr389), Translational control Millipore
Phospho-PKR (Thr446) Translational control Millipore
SERPINB2 Inflammation & OriGene
immunology
SOCS3 Jak/Stat signaling OriGene
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F. ELISA (enzyme-linked immunosorbent assay) kit
Name Catalog Number Source
hTNF-a 88-7346-88 eBioscence

G. Real-time quantitative polymerase chain reaction (QRT-PCR) primers
Primers Sequences (5°23°) Target
hHPRT1-F CAAGCTTGCTGGTGAAAAGGAC Hypoxanthine-
hHPRT1-R GTCAAGGGCATATCCTACAACAAA  guanine
phosphoribosyltransfe

rase
hHSPCB-F TCTGGGTATCGGAAAGCAAGCC Heat shock protein
hHSPCB-R GTGCACTTCCTCAGGCATCTTG 90kDa alpha
hTNFo-F CCCAGGGACCTCTCTCTAATCA Tumor necrosis factor

hTNFa-R GCTTGAGGGTTTGCTACAACATG alpha

2. Methods
A. Analysis of TNF-o mRNA expression in THP-1 cells upon pneumococcal

infection

1x10° (2x10%ml, 0.5ml/in siliconized 2ml tube) THP-1 cells were infected with
WT SPN or AnanA SPN at MOI of 10 (2x107/ml, 0.5ml/in siliconized 2ml tube) for
1 hour at 37°C with rotation. Cells were washed with 1ml ice-cold PBS once and
resuspended with 1ml of TRizol reagent. mRNA in the TRizol reagent was further
purified by Direct-zol™ RNA MiniPrep kit (ZYMO RESEARCH, Cat. R2052) and
purified mRNA was subjected to reverse transcription by PrimeScript™ RT reagent
Kit (TaKaRa, Cat. R0O37A) according to the manufacturer’s instruction.

The same experiment was also conducted by PMA -activated THP-1 cells. THP-
1 cells (2x10%ml, 0.5ml/well) were seeded in 24-well in the presence of PMA at
final concentration of 25 ng/ml overnight. Activated cells were then refreshed with
Iml fresh complete RPMI medium and incubated for additional 2 days before

infection.

B. Analysis of TNF-o protein secretion in THP-1 cells upon pneumococcal
infection
2x10° (2x10%ml, 0.1ml/well) THP-1 cells were infected with WT SPN or
Anand SPN at MOI of 10 (2x107/ml, 0.Iml/well). 50ul of 5X penicillin-
streptomycin and gentamycin solution were added at 30 min post-infection and
infected cells were cultured for additional 2.5 and 5.5 hours. The supernatant was
collected to perform cytokine ELISA analysis.
The same experiment was also conducted by PMA-activated THP-1 cells. THP-

1 cells (2x10%ml, 0.1ml/well) were seeded in 24-well in the presence of PMA at
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final concentration of 25 ng/ml overnight. Activated cells were refreshed with 200l

fresh complete RPMI medium and incubated for additional 2 days before infection.

. Measurement of THP-1 surface desialylation upon pneumococcal infection

1. Flow cytometry (FACS) analysis

1x10° THP-1 cells (2x10%ml, 0.5ml/in 2ml siliconized tube) were infected with
WT SPN or Anand SPN at MOI of 10 or 30 (2x107/ml or 6x107/ml, 0.5ml/ in 2ml
siliconized tube) at 37°C for 3 hour. Cells were washed with 1ml ice-cold PBS and
stained with 50ul of FITC-conjugated PNA (50ul of 1:500 diluted FITC-conjugated
PNA in FACS buffer) for 20 min at 4°C. After washing with 200ul of PBS twice,
cells were resuspended in 500ul FACS buffer and analyzed by flow cytometer.

2. Immuno-fluorescence staining

4x10° (8x10°/ml, 0.5ml/well) THP-1 cells were seeded on poly-L-lysine coated
coverslip in 24-well in the presence of PMA at final concentration of 25 ng/ml
overnight. The activated cells were refreshed with 1ml fresh complete RPMI
medium and incubated for additional 2 days. Cells were then infected with CFSE
(Biolegend, Cat. 422701)-labeled WT or AnanA SPN at MOI of 10 (8x10%ml,
0.5ml/well) at 37°C for 1 hour. After infection, cells were washed with warm PBS
and fixed in 2% paraformaldehyde/PBS for 1 hour at room temperature. After
washing with PBS twice, the fixed cells were permeabilized with 0.5% Triton X-
100/fix solution for 10 min at room temperature, washed with PBS twice and
blocked with 3% BSA/PBS solution for 1 hour at room temperature. Cells were then
incubated with biotin-conjugated ECA (500ul biotin-conjugated ECA diluted in
blocking solution) for 2 hour at room temperature, washed with PBS twice and
stained with Alexa Flour 568-conjugated streptavidin (1:250 dilution in blocking
solution) for 1 hour at room temperature. The stained cells were washed with PBS
twice, stained with DAPI (1:1000 dilution in blocking solution) for 20 min at room

temperature, washed with PBS twice and observed under fluorescent microscope.

. Sample preparation and validation for Micro-western array (MWA)
1. MWA of THP-1 cells
6x10° (1.2x107/ml, 0.5ml/in 2ml siliconized tube) THP-1 cells were infected
with WT SPN or AnanA SPN at MOI of 5 (6x107/ml, 0.5ml/in 2ml siliconized tube)
at 37°C for 20, 40 and 60 min. Cells were washed with 1ml ice-cold PBS once and

lysed in 50ul ice-cold 1% NP-40 lysis buffer with 1x protease & phosphatase
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inhibitor cocktail (Thermo, #78442). Cell lysate was kept on ice for 20 min and
centrifuged at top speed for 15 min at 4°C. The supernatant was collected and stored
at -80°C. Protein concentration was measured by Pierce™ BCA Protein Assay kit
(Thermo, #23225). MWA was conducted by Core Instrument Center of National
Health Research Institutes and blot intensity was analyzed by Image Studio Ver 5.2

software.

2. MWA of primary macrophages

PBMCs were isolated from buffy coat donated by healthy donors. The genotype
of SIGLEC14 was characterized by genomic PCR according to previous report *.

3x10° (3x10%ml, Iml/well) primary cells were seeded in 6-well overnight.
Cells were then infected with WT SPN or Anand SPN at MOI of 3 (9x10%ml,
Iml/well) at 37°C for 30 and 60 min, respectively. Cells were washed with 1ml ice-
cold PBS once and lysed in 50ul of ice-cold Mammalian Protein Extraction Reagent
(Thermo, #78503) with 1x protease & phosphatase inhibitor cocktail by scraping
cells several times. The resulted cell lysate was kept on ice for 20 min, followed by
centrifuging at top speed for 15 min at 4°C. The supernatant was collected and stored
at -80°C. Protein concentration and quantification were followed the same

procedures applied in THP-1 cells.

3. Validation of MWA results by western blotting

Cell lysates (THP-1 cell: 25ug/lane, primary cell: 15ug/lane) were separated on
a 12.5% SDS-PAGE (p-Erk, p-p38, p-Akt, p-IkBa) or 10% (NF-kB p-p65, p-Syk, p-
Shc) SDS-PAGE and transferred to a PVDF membrane (Immobilon-FL, Cat.
IPFL00010) by SEMI-DRY TRANSFER CELL (BIO-RAD). The membrane was
blocked with Odyssey Blocking Buffer (1:1 dilution with PBS) at room temperature
for 1 hour and probed with 4ml of primary antibody (1:1000 diluted in blocking
solution with 0.1% tween-20) at room temperature for 2 hour (or at 4°C overnight).
The membrane was washed with 0.1% PBST for 3-5 times (5-10 min each time) and
incubated with 5ml of secondary antibody (1:5000 diluted in blocking solution with
0.1% tween-20 and 0.02% SDS) at room temperature for 0.5-1 hour (protect from
light). The membrane was washed with 0.1% PBST for 3-5 times (5-10 min each

time) and 0.02% SDS/water once for 5 min, and then soaked in PBS before scanning.
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E. Cholesterol depletion — methyl-B-cyclodextrin (MBCD) treatment
1x10° (1x10%/ml, 1ml/well) THP-1 cells were seeded in 12-well in the presence
of PMA at final concentration of 25 ng/ml overnight. To deplete surface cholesterol,
cells were treated with 5 mM MBCD (SIGMA, Cat. C4555-1G), which diluted in
serum-free RPMI medium at 37°C for 20 or 40 min. Cells were then infected with
WT SPN or AnanA SPN at MOI of 10 (1x107/ml, 1ml/well) at 37°C for 30 or 60 min.
The culture supernatant and cells were collected for ELISA assay and qRT-PCR

analysis, respectively.

F. Lipid raft isolation — sucrose gradient ultra-centrifugation
1. Sample preparation
5x107 (1x10%/ml, 0.5ml/in 2ml siliconized tube) THP-1 cells were infected with

WT SPN or AnanA SPN at MOI of 5 (5x10%/ml, 0.5ml/ in 2ml siliconized tube) for

1 hour at 37°C. Cells were washed with 1ml ice-cold PBS once and lysed in 375ul

ice-cold 1% Brij-58/TNE buffer (25mM Tris, 150mM NaCl and SmM EDTA, pH7.5)
containing 1x protease & phosphatase inhibitor cocktail by gently pipetting (do not

vortex). The cell lysate was kept on ice for at least 30 min and raft-containing

supernatant was collected after centrifuging the cell lysate at 300g at 4°C for 5 min.

2. Lipid raft isolation by sucrose gradient centrifugation

375ul of 80% sucrose/TNE buffer was mixed thoroughly with the protein
sample prepared as above description. The mixed solution was transferred into the
bottom of a centrifuge tube (BECKMAN, Cat. 331372), and then sequentially
overlaid with 6ml of 30% sucrose/TNE and 3.5ml of 5% sucrose/TNE on top of it
(sucrose solution must add gently through the tube wall). Finally, mineral oil was
added as balancing reagent (range of allowable error should be less than 0.001g).
The sucrose gradient samples were spun at 40,000 rpm in a SW-41 rotor for 18 hour
at 4°C with slow acceleration and no brake. 700ul solution was collected from the
top of the centrifuge tube, resulting in total 14 fractions for each sample. Flotillin-1

was used as lipid raft maker for western blot analysis.

G. Immunoprecipitiation and immunoblotting
1x107 (2x107/ml, 0.5ml/in 2ml siliconized tube) Siglec-5 overexpressing THP-
1 cells were infected with WT SPN or Anand SPN at MOI of 10 (2x10%/ml, 0.5ml/
in 2ml siliconized tube) for indicated time points. Cells were washed with 1ml ice-
cold PBS once and lysed in 500ul ice-cold 1% NP-40 lysis buffer with 1x protease
13
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& phosphatase inhibitor cocktail. Cell lysates were pre-cleared with 20ul protein
A/G mix magnetic beads (Millipore, Cat. LSKMAGAGO02) at 4°C for 2 hour, and
then immunoprecipitated with 2ug corresponding antibody for 2 hour followed by
addition of 25ul protein A/G magnetic beads and incubating overnight.
Immunoprecipitates were washed twice with 0.2% NP-40 lysis buffer with 1x
protease & phosphatase inhibitor cocktail and re-suspended in 2x SDS sample buffer

for western blot analysis.

. Examination of direct interaction between pneumococcus and recombinant
Siglec-S or Siglec-14

1x10% c.fu. of SPN or group B Streptococcus (GBS) A909 strain were
incubated with 0.25% trypsin for 30 min at 37°C or 5mU/ml neuraminidase (in

50mM sodium acetate, pHS5.8) for 1 hour at 37°C. The treated bacteria were washed
with PBS and incubated with 2ug of recombinant Siglec-5.Fc, Siglec-14.Fc
(provided by Dr. Takashi Angata) or human IgG in 50ul PBS for 20 min at 37°C.

Cells were then stained with biotin-conjugated a-hIgG antibody for 20 min at RT,
washed with PBS and stained with APC-conjugated streptavidin (1:500 dilution).
Cells were washed with PBS twice and resuspended in Iml PBS and analyzed by
flow cytometer. The selected region (R2) was determined as positively stained

population.

. Statistics

Statistical analysis of all experiments in this study were performed using
GraphPad Prism 6 (GraphPad Software, La Jolla, CA). The comparisons between
multiple groups were analyzed with one-way ANOVA followed by Tukey post-test
or Bonferroni post-test (specified in the figure legends). The comparisons between
two groups were analyzed by two-tailed #-test. Differences were considered

significant at a P value <0.05.
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I1l. Results

Pneumococcal sialidase (NanA) mediates cell surface desialylation and leads to
enhanced cytokine production

Glycans decorating on the cell surface play a vital role in modulating cell-cell and
ligand-receptor interactions in several aspects *. Pneumococcal NanA has been shown
to cleave terminal Sias of the glycoconjugates on the human airway epithelial cells,
which facilitates pneumococcal epithelial adherence '°. To further examine whether
NanA-mediated surface desialylation can also be observed on host innate immune cells,
human monocytic THP-1 cells were infected with wild-type (WT) Streptococcus
pneumoniae (SPN) or isogenic sialidase-deficient mutant (AnanA), followed by Peanut
Agglutinin lectin (PNA) staining to reveal the underlying galactose after surface
desialylation. WT SPN-infected THP-1 cells showed the increasing binding of PNA in
response to the increased multiplicity of infection (MOI) of SPN; while the same
phenomenon could not be observed in AnanA-infected THP-1 cells (Fig. 1A).
Consistent with the results shown above, WT SPN but not AnanA mutant-infected THP-
1 cells showed increased level of surface desialylation upon infection when observed
under fluorescent microscope. In addition, distinct difference of NanA-mediated local
surface desialylation pattern of THP-1 cells infected with WT and AnanA mutant was
observed (arrowheads in Fig. 1B), whereas WT SPN infection induced pronounced

local desialylation of infected cells while AnanA mutant does not.

To further investigate whether NanA-mediated desialylation of surface
glycoconjugates may modulate innate immune responses upon pneumococcal infection,
human THP-1 cells were infected with WT SPN and AnanA mutant, followed by
analyzing the TNF-a production, a prominent pro-inflammatory cytokine massively
produced in an acute bacterial infection. As shown in Fig. 2, THP-1 cells infected with
WT SPN triggered stronger TNF-a expression compared to cells infected with AnanA
mutant, in both mRNA (Fig. 2A) and protein level (Fig. 2B). Similar responses were
also observed in the PMA-differentiated THP-1 macrophages (Fig. 2C and 2D). Our
observations support the general assumption that surface Sia-containing
glycoconjugates function as cis-ligands to suppress the cell activation through engaging

cognate Siglec receptors in the same cells.

Lipid rafts are required for NanA-mediated TNF-a exacerbation

Lipid rafts which are micro domains highly enriched with cholesterols,
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glycosphingolipids, and various signaling receptors and molecules that play important
roles in initiation and transduction of the signaling cascade upon ligand stimulation *!.
Ligand-specific TLR-4 clustering and signaling in lipid rafts following LPS stimulation
of monocytes has been reported previously **. On the other hand, signal transductions
delivered by receptors on lipid rafts would be interfered by the depletion of cholesterols
by chemical agent, such as methyl-p-cyclodextrin (MBCD) 3*43. To test whether
clustering of signaling molecules in the lipid raft may be involved in NanA-potentiated
TNF-a production upon pneumococcal infection, we compared the TNF-a production
from MPBCD-pretreated THP-1 cells infected with WT SPN or AnanA mutant,
respectively. Depletion of cholesterols from lipid rafts partially abrogated NanA-
potentiated TNF-a production in both mRNA (Fig. 3A) and protein levels (Fig. 3B),
suggesting that lipid rafts possibly contribute to orchestrate signal cascades involving

in pneumococcal NanA-regulated signaling cascade.

Pneumococcal NanA dysregulates the recruitment of TLR-2 to lipid raft in
parental THP-1 cells

Lipid rafts have been reported to both positively and negatively regulate
downstream signaling cascade through controlling the physical recruitment or
sequestration of the involved signaling molecules *!. It has been shown that the
localization of TLR-2 and Siglec-9 on lipid raft partly modulates IL-10 production %17,
We therefore addressed whether surface desialylation by NanA modulates the lipid raft
formation or signaling molecule clustering in the lipid raft. Lysates of uninfected THP-
1 cells or SPN-infected THP-1 cells were subjected to sucrose gradient centrifugation
to isolate the raft and cytosol fractions, and successful separation of the lipid rafts from
the cytosol fractions were clearly demonstrated by detection with western blot using
specific antibody recognizing flotillin-1 (raft marker shown in Fig. 4A) and a-tubulin
(cytosol marker shown in Fig. 4B). In addition, THP-1 cells infected with WT SPN

showed moderately increased amount of rafts in the isolated fraction 4 to 7, compared

to fractions isolated from uninfected cells and AnanA mutant-infected cells.

Data shown in Fig. 3 suggest that lipid rafts are possibly involved in orchestrating
NanA-modulated signaling cascade. We then further investigated whether surface
desialylation affects the recruitment of TLR-2 and Siglec-5, endogenously expressed
by THP-1 cells, to the rafts. Raft fractions (fraction 4, 5, 6, 7) isolated from THP-1 cells
infected with WT SPN or AnanA mutant were probed with antibody recognizing TLR-

2 and Siglec-5, respectively. Our result showed that increased TLR-2 (Fig. 4C) can be
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detected in the raft fractions upon WT SPN infection; however, we failed to detect the
Siglec-5 signal in the same fraction due to low endogenous level of Siglec-5 expression
in the parental THP-1 cells. To compensate limitation mentioned above, THP-1 cells
overexpressing Siglec-5 (SigS/THP-1) were used instead of parental THP-1 cells to
address the same question. Lysates of uninfected SigS/THP-1 cells or SPN-infected
SigS/THP-1 cells were subjected to sucrose gradient centrifugation to isolate the raft
fractions, and successful separation of the lipid rafts were demonstrated by detection
with western blot using specific antibody recognizing flotillin-1. In contrary to the
uninfected control only showing a major flotillin-1 signal in fraction 4 (Fig. 5A),
infection of SigS/THP-1 cells by WT and AnanA SPN both resulted in the redistribution
of flotillin-1 signal into fraction 4 and 5 (Fig. 5B and 5C). In addition, TLR-2 and
Siglec-5 were also redistributed into both fraction 4 and 5 upon SPN infection when
comparing to the uninfected control which showing detectable signals for TLR-2 and
Siglec-5 in the fraction 5 and 6 (Fig. 5). Taken together, differential distribution of raft
marker (flotillin-1), TLR-2 and Siglec-5 upon SPN infection may suggest that the
content or the size of lipid rafts can be altered after infection, which later on may affect

downstream signal crosstalk of TLR-2 and Siglec-5.

It has been reported that SHP-1, uniquely expressed in hematopoietic system, and
SHP-2, ubiquitously expressed in various human tissues, distinctively modulate
signaling cascade and immune activation by dephosphorylating their specific substrates
4446 We therefore wanted to further explore whether surface desialylation not only
affects the recruitment of surface receptors but also regulate the recruitment of SHP-1
and SHP-2 to lipid rafts upon SPN infection. Notably, although the distribution pattern
of SHP-1 and SHP-2 were similar in uninfected or SPN-infected Sig5/THP-1 cells (Fig.
5A-C), SHP-1 seemed to reside on raft-associated fractions (fraction 4-6), while SHP-

2 was largely excluded from raft fractions.

Interrupted interaction between TLR-2 and Siglec-5 and dissociation of SHP-1
from Siglec-5 upon pneumococcal NanA-mediated surface desialylation.

Sia cis-interaction between cell surface receptors is responsible for controlling cell
stability in steady state. We then further investigated whether the removal of terminal
Sia from cell surface by pneumococcal NanA disrupts the TLR-Siglec interaction and
contributes to exacerbated cytokine production. Cell lysates were subjected to TLR-2
immunoprecipitation after WT or AnanA SPN infection, then probed with PNA and

Siglec-5, respectively. The increased PNA and decreased Siglec-5 signals were
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observed in WT SPN-infected Sig5/THP-1 cells when comparing to AnanA SPN-
infected Sig5/THP-1 cells (Fig. 6A). It suggested that the removal of Sia from TLR-2
by pneumococcal NanA affects its interaction with Siglec-5. To further examine
whether interrupted interaction of Siglec-5 from TLR-2 influenced the recruitment of
intracellular signaling molecules, cell lysates from WT or AnanA SPN infected cells
were immunoprecipitated with anti-Siglec-5 antibodies, followed by detection of
Siglec-5-associated phosphatases or adaptor Grb2 by specific antibodies recognizing
SHP-1, SHP-2 and Grb2. We found a reduced recruitment of phosphatase SHP-1 to
Siglec-5 at 40 min in WT SPN-infected cells; while the recruitment of SHP-2 to Siglec-
5 was similar between WT and AnanA SPN-infected Sig5/THP-1 cells (Fig. 6B). It has
been reported that Grb2, an adaptor protein involved in signal transduction, is recruited
to phosphorylated tyrosine of CD22 cytoplasmic tail in B cell during BCR crosslinking
4748 In addition to the reduced recruitment of hematopoietic SHP-1 to Siglec-5, a
transient but robust recruitment of Grb2 to Siglec-5 was also observed in WT SPN-
infected SigS/THP-1 cells (Fig. 6B). In summary, our data suggest that diminished
interaction between inhibitory Siglec-5 and TLR-2 upon pneumococcal NanA-
mediated surface desialylation may lead to enhanced recruitment of Grb2 and reduced
association with SHP-1, which contributes to the exacerbated inflammation upon SPN

infection.

Systematic identification of signaling molecules involved in pneumococcal NanA-
provoked cytokine production by Micro-Western Array

To broadly search for the undisclosed mechanisms involved in pneumococcal
NanA-mediated exacerbated inflammation, micro-western array (MWA) was applied
to probe for selected phospho- and non-phospho-proteins, which are involved in signal
transduction. Signal intensity revealed by 31 out of 48 antibodies used for MWA with
correct protein molecular weight was summarized in Fig. 7. Candidates identified by
MWA were further validated by regular western blot analysis (Fig. 8). In accordance
with MWA data, the phosphorylation of Shc and Syk (20 min post-infection), as well
as Erk, p38, Akt, [kBa and p65 subunit of NF-kB (60 min post-infection) were
augmented by pneumococcal NanA. Taken together, our data showed that
pneumococcal NanA potentiates the activation of Shc, Syk, as well as important

molecules involved in the PI3K/Akt, NF-kB and MAPK pathways.

SIGLECS5/14 gene polymorphism influences human primary macrophage

responses upon pneumococcal NanA-mediated surface desialylation
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Siglec-5 and Siglec-14 are paired receptors, sharing a high degree of amino acid
sequence identity in their extracellular region, with the two outermost Ig-like domain
being 99% identical 2%*°. In previous studies, group B Streptococcus (GBS) has been
shown to generate opposite immune responses through directly engaging inhibitory
Siglec-5 or activating Siglec-14 receptor via bacterial B-protein *°. Inspired from these
observations, we hypothesized that bacterial neuraminidase-mediated host desialylation
which disrupts the cis-interaction between Siglecs with their surface ligands may drive
distinct immune responses through Siglec-5 and Siglec-14. To address this hypothesis,
human primary macrophages with indicated genotypes were infected with WT SPN or
AnanA mutant, and the secretion of inflammatory cytokine was examined at indicated
time point. In accordance with previous observations (Fig. 2) on THP-1 cells which
only express Siglec-5 and lack detectable Siglec-14 expression, exaggerated TNF-a
secretion was detected on WT SPN-infected Siglec-14"" primary macrophages, when
comparing to AnanA-infected cells (Fig. 9A). Surprisingly, AnanA but not WT SPN
stimulated stronger TNF-a secretion on Siglec-14""* primary macrophages (Fig. 9B).
To rule out the possibility that above observations are caused by direct engagement of
Siglecs by pneumococcal surface molecules, WT SPN was stained with recombinant
Siglec-14.Fc, Siglec-5.Fc or human IgG and examined by FACS analysis. We found
that neither Siglec-14 nor Siglec-5 directly interacts with WT SPN (Fig. 10A-C). GBS
A9009 strains here served as positive staining control, since the interaction between GBS
B-protein and Siglec-5 and Siglec-14 has been well documented (Fig. 10D-F). Taken
together, Siglec-14"* primary macrophages lost the tendency to induce aggravated

TNF-a secretion induced by NanA-mediated desialylation.

TNF-a secretion from Siglec-5 and Siglec-14 overexpressing THP-1 cells upon
pneumococcal infection

To ascertain whether expression of Siglec-5 and Siglec-14 is critical and essential
for the differed TNF-a production pattern we observed on the primary macrophages
isolated from Siglec-14"" and Siglec-14""* individuals, THP-1 cells overexpressing only
Siglec-5 (Sig5/THP1) or Siglec-14 (Sigl4/THP1) were infected with WT SPN and
AnanA mutant to examine their TNF-a production. In concordance with previous
observations on parental THP-1 cells and primary Siglec-14" macrophages, WT SPN,
comparing to AnanA mutant, induced excess TNF-a secretion at MOI of 30 in both
EV/THPI and Sig5/THP1 cells. However, this differed TNF-a secretion upon WT SPN
and AnanA mutant infection cannot be observed in Sigl4/THP1 cells (Fig. 11) in which
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WT SPN and AnanA mutant induced similar TNF-a secretion. Notably, the TNF-a
production in the uninfected Sig-14/THP-1cells were higher than uninfected EV/THP1
and Sig5/THP1, which may result from the reduced cell activation threshold when

overexpressing an activating receptor, Siglec-14.

To test whether expressing an activating receptor, Siglec-14 reduced cell activation
threshold, we examined the Erk phosphorylation of primary macrophages derived from
defined Siglec-5/-14 genotype upon pneumococcal infection. WT SPN infection
triggered an increased Erk phosphorylation in the macrophages both from Siglec-14"*
and Siglec-14"" individuals, however, Siglec-14"* macrophages showed a high basal
level of Erk phosphorylation prior to SPN infection and a delayed kinetic of Erk
activation upon SPN infection (Fig. 12A and 12C). An increased Erk phosphorylation
also can be observed in the primary macrophages derived from Siglec-14 heterozygote
individuals upon WT SPN infection when comparing to cells infected AnanA mutant,

although the difference was gone 60 min post-infection (Fig. 12B).

Systematic identification of signaling molecules differed in Siglec5/14 genotype
upon pneumococcal infection

To screen the signaling cascade differed in Siglec-5/-14 paired receptors upon
pneumococcal NanA-mediated desialylation, MWA was applied to probe for selected
phospho- and non-phospho-proteins, which are involved in signal transduction. Signal
intensity revealed by 31 out of 48 antibodies used for MWA with correct protein
molecular weight were summarized for all three different Siglec-5/-14 genotype
combination (Fig. 13A) or only for Siglec-14 ** individual (Fig. 13B). The universal
hyper-phosphorylation was observed in Siglec-14"* individual compared with Siglec-
147" individual. To our surprise, WT SPN still provoked stronger activation of MAPK
and PI3K/Akt pathways in Siglec-14""" individuals, which was similar to what we found
in Siglec-14”" individuals. It suggested that other signaling pathways but not MAPK
and PI3K/Akt pathways are involved in the distinct TNF-a secretion pattern observed
in the Siglec-14""" and Siglec-14"" individuals.

Examine the expression of Ezh2 and histone3 Lys27 trimethylation in SIGLEC14
WT and null individuals upon pneumococcal infection
Intriguingly, from the results of MWA, we found that an opposite regulation of
histone3 Lys27 trimethylation (H3K27-me3) in SIGLECI4 WT and null individuals
upon WT and AnanA SPN infection. H3K27-me3 is considered as a marker for
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transcriptional switch off. Increased level of H3K27-me3 might be one of the
explanation for the attenuated cytokine production observed in SIGLECI4 WT
individuals upon WT SPN infection. Ezh2 is the catalytic subunit of histone methyl
transferase complex-PRC2 (polycomb repressive complex 2) and specifically add
methyl group on histone3 Lys27. We then further examined the expression of Ezh2 and
H3K27-me3 in primary macrophages with different SIGLEC14 genotype upon WT and
AnanA SPN infection. WT SPN infection exhibited higher degree of H3K27-me3 at 60
min compared to AnanA SPN infection in Siglec14”~ primary macrophage. However,
there was no significant difference in Ezh2 expression upon WT and AnanA SPN
infection (Fig. 14A). On the other hand, WT SPN infection elicited higher degree of
H3K27-me3 at 30 min post infection compared to AnanA SPN infection in Siglec14™*
primary macrophages. Unexpectedly, expression of Ezh2 together with H3K27
trimethylation was largely diminished at 60 min after SPN infection, however this

phenotype needed to be further confirmed due to limited sample size.
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IV. Discussion

In the current study, we demonstrated that pneumococcal NanA-mediated surface
desialylation provokes cytokine production by THP-1 cells. Augmented cytokine
production mediated by pneumococcal NanA may result from the diminished
interaction between Siglec-5 and TLR-2, which leads to reduced recruitment of
phosphatase SHP-1 to Siglec-5 to antagonize MAPK, PI3K/Akt and NF-kB signaling
pathways (Fig. 15). In addition, SIGLECI4 polymorphism affects host immune
responses upon pneumococcal infection in which NanA has opposite effects in
modulation of cytokine production from primary macrophages derived from SIGLEC14
wild type and null individuals. NanA potentiates inflammatory cytokine production in
primary macrophages with homozygous SIGLEC4 null allele but not macrophages
derived from individuals with homozygous SIGLECI4 wild type allele upon
pneumococcal infection. Stronger activation of MAPK and PI3K/Akt pathways can be
observed in both macrophages derived from SIGLECI4 wild type and null individuals
upon wild type SPN infection, which suggests that those two general pathways
downstream of TLR-2 are not responsible for the differential inflammatory cytokine

production observed among the individuals with different SIGLEC14 genotypes.

Innate immune system plays critical roles in host first-line defense, both in
pathogen clearance and host tissue repairs. The normal defensive exertion of host cells
heavily relies on exquisite interplay between ligand-receptor recognition and receptor-
receptor coordination to provide maximal protection with minimal immunopathology.
Pattern recognition receptors (PRR), such as Toll-like receptors (TLRs) or Nod-like
receptors (NLRs), are capable to recognize PAMPs (pathogen associated molecular
patterns) and/or DAMPs (danger-associated molecular patterns) derived from foreign
components and self-molecules, respectively **°. The biological significance of
inhibitory roles of Siglecs in TLRs-mediated inflammatory responses has been
demonstrated in several previous reports. Compared to Siglece WT mice, Siglece
knockout mice showed augmented TNF-a and IL-6 secretion during E.coli infection ',
LPS-induced TNF-o secretion was inhibited in Siglec-9 overexpressing murine

macrophages !¢

. A broad and direct interactions between TLRs and Siglecs
demonstrated by a recent publication provides a missing link for a potential synergistic
coordination in immune-regulation between these two PRRs families *%. Based on these
observations, ITIM-containing Siglecs are thought to be negative regulators to restrain

TLRs function and avoid exacerbated cell activation. However, the underlying
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mechanisms of how and where ITIM-containing Siglecs deliver downstream signals to
suppress TLR signaling and the signaling molecules involved in this inhibitory

functions are not fully explored.

Intracellular signaling processes initiated by extracellular stimulation tightly
control cellular biological functions. Protein tyrosine phosphatases, which function to
dephosphorylate key intermediaries in ligand-receptor signaling pathways, play equally
important roles as protein kinase in signal transduction. SHP-1 (Src-homology-2-
domain-containing protein tyrosine phosphatase 1) and SHP-2 exhibit distinct functions
in immune regulation based on their cell distributions and substrate specificities #4462,
The roles and functions of SHP-1 and SHP-2 in myeloid lineages have not been fully
understood until recent decade. In previous studies, the phenomenon that an increased
movement of Siglec-9 and SHP-2 to membrane rafts were observed upon PGN (TLR-
2 ligand) stimulation in Siglec-9 overexpressing murine macrophages; but the amount
of SHP-1 on lipid rafts were not affected !”. In addition, the inhibitory activities of
CD300a, a membrane protein expressed on myeloid lineages and specific subsets of
CD4" T cells, in MyD88 and TRIF-mediated cell activation required SHP-1 and/or
SHP-2 in human monocytic cell lines **. The above two cases indicated that SHP-1 or
SHP-2 is specifically and exclusively recruited to certain ITIM-bearing receptors and
exert its inhibitory properties depending on the applied experimental system. Based on
membrane fractionation (Fig. 5) and co-immunoprecipitation (Fig. 6B) experiments in
our study, SHP-1 is more likely one of the tyrosine phosphatase candidates, which
modulates signal transduction upon the interrupted interaction of Siglec-5-TLR-2 by
pneumococcal NanA in our infected THP-1 system. However, the role of another ITIM-
associated phosphatase SHIP-1 (SH2-containing inositol-5-phosphatase-1) in NanA-

mediated desialylation cannot be excluded.

Microbial neuraminidase is well accepted as a virulent factor during their
pathogenicity >*°°. Viral neuraminidase plays essential roles in final stage of infection
in which neuraminidase cleaves sialic acids from cell surface and progeny virions
facilitate virus release from infected cells *°. Moreover, a recent study has shown that
viral neuraminidase promotes virus access to target site and entry into the cells during
early stage of infection >’. On the other hand, bacterial neuraminidase exerts versatile
functions through the whole infection process, including mucus degradation to reduce
viscosity from entrapment, host receptor uncovering for adherence and surface

modifying of co-inhabiting bacteria for their own survival advantages '°. In this report,
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we demonstrated that pneumococcal NanA also plays critical roles in modulating the
activation magnitude of immune cells. We demonstrated that the augmented cytokine
production and cell activation observed in the WT pneumococcus infected cells is
NanA-dependent by applying the unique SPN isogenic mutant only differing in the
NanA expression (AnanA mutant) (Fig. 2 and Fig. 8). Intriguingly, a recent report also
demonstrated that the expression and localization of host neuraminidase can also be
altered upon microbial infection, which also contributes to the host cell desialylation ”.
In addition, the association between Siglec-E and TLR-4 was disrupted via
translocation of Neul to cell surface which results in enhanced cytokine production
upon LPS stimulation 3. Therefore, the involvement of host neuraminidase in our
experimental system may not be ruled out since host Neul may also translocates to cell
surface to initiate surface desialylation via activation of TLR-2 by Gram-positive

pneumococcus upon infection.

Two paired Siglec receptors (Siglec-5 with Siglec-14 and Siglec-11 with Siglec-
16) are able to generate opposite immune responses when engaged by bacterial
pathogens or host endogenous proteins 1>2830:38-60 The activating Siglecs, Siglec-14
and Siglec-16, have been proposed to have evolved to counteract pathogens that subvert
host immune surveillance by Sia molecular mimicry through inhibitory Siglec-5 and
Siglec-11. We speculate that the converse may be true that bacterial neuraminidase-
mediated desialylation can influence host immune responses among different
SIGLEC14 genotypes through removal of the cis- ligands. In Siglec-14"" primary cells,
PRRs may form cis-interaction with Siglec-5 through Sias and transduce an inhibitory
signaling by phosphatase activity, and this hypothesis was supported by the evidence
that when SPN infection causes surface desialylation, Siglec-5 no more restrains
activating signaling initiated by PRRs and results in exaggerated cytokine production
(Fig. 16; left panel). On the other hand, in Siglec-14""* primary cells, Siglec-14 initiates
downstream signal via adaptor protein DAP12 in response to the cis-interaction with
PRRs, which therefore leads to Syk recruitment and elicits constitutive signaling
transduction, followed by a higher level cytokine secretion in steady state. Surface
desialylation mediated by pneumococcal NanA may disrupt this cis-interaction and
result in dissociation of Syk from DAP12 and attenuation of cytokine production. (Fig.

16; right panel).

Based on the results shown in Fig. 9 and Fig. 11, cells with only Siglec-5 or Siglec-

14 expression respond differently to infection caused by SPN WT and AnanA mutant
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both in an ex vivo and in vitro model systems. In addition, when overexpressing an
activating Siglec-14 in THP-1 cells, a higher basal level of TNF-a secretion in steady
state could be observed compared to parental THP-1 cells and THP-1 cells
overexpressing an inhibitory Siglec-5 (Fig. 11). It suggests that massive expression of
an activating receptor on cell surface may reduce the threshold of cell activation and
the aggravated responses would be elicited upon induction by extracellular stimuli. To
further ascertain this observation in primary cells, CD14" monocyte-derived
macrophages were isolated from individuals with different SIGLEC14 genotypes and
stimulated with LPS. However, as shown in Fig. 17, there is no significant difference
of TNF-a secretion between difterent SIGLEC 4 genotype individuals followed by LPS
treatment. In contrary to our observation, Ali et al. previously demonstrated that Siglec-
14" monocytes tend to have stronger TNF-a secretion compared to Siglec-147
monocytes upon LPS stimulation *°. This conflict may result from the different
experimental system in which the expression of Siglec is gradually down-regulated
when we differentiated the monocytes into macrophages in the ex vivo cultured system.
Downregulation of Siglec expression on cell surface may contribute to the similar
inflammatory cytokine production upon extracellular stimulation. In the future, we will

repeat the same experiment in primary monocyte system.

To dissect the signaling molecules participating in the differed cytokine production
observed in primary macrophages from different SIGLECI4 genotype upon SPN
infection, a broad and systematic approach was applied to explore the potential
candidates. However, micro-western array (MWA) results showed MAPK, PI3K/Akt
signaling pathways are all potentiated by pneumococcal NanA in SIGLECI4 WT and
null individuals, which suggests other signaling molecules are involved in this distinct
phenotypes observed in different SIGLEC14 genotypes upon pneumococcal infection.
Intriguingly, the modifications of H3K27-me3, viewed as a marker of transcriptional
silencing, showed opposite regulation in primary cells with different SIGLECI14
genotypes upon SPN infection. The higher level of H3K27-me3 in Siglec-14"* cells
may be one of the explanations of attenuated TNF-a secretion upon NanA-mediated
desialylation. Unfortunately, when ascertaining the phenomenon observed in MWA by
another paired primary samples, the modification of H3K27-me3 were similarly
enhanced by WT SPN infection in both SIGLECI4 null and WT individuals. The
inconsistent outcomes might be due to the individual variations in our limited sample

size. In the future, we will use cell lines expressing only Siglec-5 or Siglec-14 to further
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examine the level of H3K27-me3 upon SPN infection.

In summary, we tried to elucidate the molecular mechanisms of interplay between
Siglec and TLR upon surface desialylation mediated by bacterial sialidase. Our findings
may provide potential mechanism for the hyper-inflammation phenotype observed in
SPN-infected patients even after successful elimination of pneumococcus by antibiotics.
Furthermore, SIGLEC 14 genotypes may alter the outcomes of inflammation upon SPN
infection, and the further investigation of the roles of Siglec-5 and Siglec-14 in immune-
modulation may provide a new diagnostic predictor for the course of disease

progression upon pneumococcal infection.
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Figure 1. Pneumococcal NanA mediates cell surface desialylation. (A) Cell surface
desialylation was determined by FITC-conjugated PNA staining of human THP-1 cells
infected with WT or Anand SPN at MOI of 30 (blue line) or 10 (orange line),
respectively. (B) THP-1 infected with CFSE-labeled WT or Anan4 SPN at MOI of 30
for 1 hour was stained with biotinylated ECA, followed by a secondary Alexa flour 568-
conjugated streptavidin and DAPI to visualize exposed galactose (red) and nucleus
(blue), respectively. White arrowheads indicate CFSE-labeled bacteria (green).
Representative immunofluorescent micrographs are shown from two independent

experiments.
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Figure 2. Pneumococcal NanA-mediated surface desialylation leads to enhanced

cytokine productions. PMA-activated THP-1 cells were infected with WT or AnanA

SPN at MOI of 10. mRNA was collected at 1 hour p.i. and supernatant was collected at

3 and 6 hour p.i.. mRNA and protein levels of multiple cytokines were quantified by
qRT-PCR (A, C, E, G) and ELISA (B, D, F, H), respectively. Data presented are mean

+ SEM. Data shown are pooled from two or three independent experiments. Difference

between experimental groups are calculated by one way ANOVA with Bonferroni’s

multiple comparisons test. * p<0.05, ** p<0.01, *** p<0.005.

28

doi:10.6342/NTU201701774



| po— |
100+ = Hl Serum-free medium control
_ Hl 5mM MBCD-20min
S 804 Bl 5mM MpBCD-40min
[
[7/]
%E 60
o
3
LG. g 404
s
o 204
0_
B Unstim WT AnanA
1201 ek
| —
Fededk
| |
= 904
E
2
S 60-
§ dekk
L *kk r 1
=
-

Unstim WT AnanA

Figure 3. Depletion of lipid raft partially abolishes NanA-mediated TNF-a
augmentation. PMA-activated THP-1 cells were pretreated with 5 mM MBCD for 20
and 40 min, respectively, prior to infecting with WT or AnanA SPN at MOI of 10. Cells
and culture supernatant were collected 1 hour p.i. to quantify the TNF-o mRNA (A) and
secreted TNF-a cytokine (B), respectively. Data presented are mean + SEM. Difference
between experimental groups are calculated by one way ANOVA with Bonferroni’s

multiple comparisons test. * p<0.05, ** p<0.01, *** p<0.005. n.s, not significant.
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Figure 4. Pneumococcal NanA dysregulates the recruitment of TLR-2 to lipid raft.
THP-1 cells were infected with WT or Anan4 SPN at MOI of 5 for 1 hour, followed by
sucrose gradient centrifugation to separate raft and cytosol fractions. Successful sucrose
fractionation was validated by western blot to probe with flotillin-1 (A) and a-tubulin
(B). The distribution of TLR-2 (C) was analyzed on sucrose fraction 4-7. Representative

data from two independent experiments are shown.
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Figure 5. Pneumococcal infection alters the distribution of TLR-2 and Siglec-5 on

lipid rafts. Siglec-5 overexpressing THP-1 cells were uninfected (A) or infected with
WT (B) or AnanAd (C) SPN at MOI of 10 for 1 hour, followed by sucrose gradient
centrifugation to separate raft fractions. Successful raft fractionation was validated by
western blot to probe with flotillin-1. The distribution of TLR-2, Siglec-5, SHP-1 and
SHP-2 on rafts were then probed with specific antibody recognizing individual target.
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Figure 6. Analysis of the interaction between TLR-2 and Siglec-5 and Siglec-5-
associated signaling molecules upon SPN infection. (A) SigS/THP-1 cells were
infected with WT or Anand SPN at MOI of 10, and cell lysate was harvested 1 hour

after infection and immunoprecipitated with anti-TLR-2 mAb. The precipitates were

probed with PNA or antibodies recognizing Siglec-5. (B) To analyze the recruitment of
Siglec-5-associated intracellular signaling molecules, Sig5/THP-1 cells were infected
with WT or AnanA SPN at MOI of 10, and cell lysate was harvested 20 min and 40 min
after infection and immunoprecipitated with anti-Siglec-5 mAb, followed by probing
the precipitates with antibodies recognizing SHP-1, SHP-1 and Grb2.
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Figure 7. Systematic identification of signaling molecules involved in
pneumococcal NanA-provoked cytokine production by Micro-Western Array.
THP-1 cells were infected with WT or Anand SPN at MOI of 5. Cell lysates were
harvested at 20, 40 and 60 min p.i. Image density was quantified by Image Studio Ver
5.2 software and normalized against B-actin. Fold change was calculated as the ratio of
each normalized net intensity to the net intensity of uninfected control, followed by log
2 transformation. Heat map was created by R software.
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Figure 8. Western blot validation of the selected signaling candidates identified by
MWA. THP-1 cells were infected with WT or Anand SPN at MOI of 5.
Phosphorylation of Shc and Syk was analyzed at 20 min p.i, while phosphorylation of
Erk, p38, Akt, IkBoa and p65 subunit of NF-kB was analyzed at 60 min p.i

Representative data are shown from two to three independent experiments.
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Figure 9. The Siglec-5/-14 genotype influences primary human macrophage
responses upon pneumococcal infection. Human CDI14" monocyte-derived
macrophages from Siglec-14"" (A) or Siglec-14"* individuals (B) were infected with
WT or AnanA SPN at MOI of 1 and 5, respectively, for 3 hour. The culture supernatant
was collected to perform TNF-o ELISA analysis. Data presented are mean = SEM and
differences between two groups are calculated by 2-tailed #-test. * p<0.05, ** p<0.01,
*#% p<0.005. n.s, not significant.
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Figure 10. Neither Siglec-5 nor Siglec-14 directly interacts with pneumococcus.
Pneumococcus (A, B, C) or group B streptococcus (GBS) A909 strain were pre-treated
with 0.25% trypsin or neuraminidase (Neu) and stained with recombinant Siglec5-Fc,
Siglec14-Fc or control human IgG, followed by biotinylated goat a-human IgG and

APC-conjugated streptavidin. The stained cells were analyzed by flow cytometer.
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Figure 11. Examination of TNF-o secretion from Siglec-5 and Siglec-14
overexpressing THP-1 upon pneumococcal infection. THP-1 cells stably transfected
with empty vector (EV/THP-1), Siglec-5 (SigS/THP-1) or Siglec-14 (Sigl4/THP-1)
were infected with WT or AnanA SPN at MOI of 10 or 30 for 3 hours. The culture
supernatant was collected for TNF-a ELISA analysis. Data presented are mean + SEM.
Difference between experimental groups are calculated by one way ANOVA with
Turkey's multiple comparisons test. * p<0.05, *** p<0.005. n.s, not significant. Data

shown are pooled from two independent experiments.
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Figure 12. Examination of the phosphorylation of ERK among Siglec-14", Siglec-
14" and Siglec-14"- individuals upon pneumococcal infection. Human CD14"
monocyte-derived macrophages from Siglec-14"" (A), Siglec-14"" (B) or Siglec-14"*
(C) individuals were infected with WT or Anan4 SPN at MOI of 5. Phosphorylation of
ERK was analyzed at 30 and 60 min p.i. by western blotting.
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Figure 13. Systematic identification of signaling molecules differed in Siglec-5/-14
genotype upon pneumococcal infection. Human CDI14" monocyte-derived
macrophages from Siglec-147", Siglec-14"" or Siglec-14"" individuals were infected
with WT or Anand4 SPN at MOI of 5. Cell lysates were harvested at 30 and 60 min p.i,
respectively. Image density was quantified by Image Studio Ver 5.2 software and
normalized against B-actin. Fold change was calculated as the ratio of each normalized
net intensity to the net intensity of uninfected control, followed by log 2 transformation.
Heat map was created by R software for all three different Siglec-5/-14 genotype (A)
or only for Siglec-14"" individual (B).
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Figure 14. Examination of the expression pattern of Ezh2 and histone 3 Lys27

trimethylation in SIGLEC14 WT and null individual upon pneumococcal infection.

Human CD14" monocyte-derived macrophages from Siglec-14"" (A) or Siglec-14"" (B)
individuals were infected with WT or AnanA SPN at MOI of 5. Expression of Ezh2 and

H3K27-me3 were analyzed at 30 and 60 min p.i. by western blotting.
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Figure 15. Schematic diagram to demonstrate how NanA-mediated desialylation
dysregulates the inflammatory signals and cytokine production upon SPN
infection. NanA-mediated desialylation may (1) remove the sialic acids on TLR-2 upon
initial contact, (2) disrupt the TLR-2-Siglec interaction, (3) diminish the recruitment of
phosphatase to Siglecs, which restrain the downstream signals of TLR-2, and (4) induce

exacerbated inflammation.
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Figure 16. The proposed actions of primary macrophages with different
SIGLEC14 genotypes upon SPN NanA-mediated surface desialylation. Sia cis-
ligands deliver inhibitory signals through Siglec-5 via the recruited phosphatase activity
in Siglec-14 null primary cells. The inhibitory signaling can be interrupted upon SPN-
mediated desialylation (left panel). In contrast, Sia cis-ligands may deliver tonic
activating signals through Siglec-14 via the recruited Syk kinase activity in Siglec-14

WT primary cells. The activating signaling can be interrupted upon SPN-mediated
desialylation (right panel).
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Figure 17. Examination of TNF-a secretion upon LPS stimulation in primary
macrophage with different SIGLEC14 genotypes. Human CD14" monocyte-derived
macrophages from Siglec-14""", Siglec-147" or Siglec-14"" individuals were stimulated
with 1pg/ml LPS for 3 hour. The culture supernatant was collected to perform TNF-a
ELISA analysis. Data presented are mean + SEM.
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VI.

Appendix. Table. S1 Summary

family

Siglec*
(other names)

Human and mouse
sialoadhesin
(Siglec-1; CD169)

Human and mouse CD22
(Siglec-2)

Human CD33
(Siglec-3)

Mouse CD33 (Siglec-3)
Human and mouse MAG
(Siglec-4)

Human Siglec-5

Human Siglec-6

Human Siglec-7

Human Siglec-8

Mouse Siglec-F (paralogue
of human Siglec-8)

Human Siglec-9

Mouse Siglec-E (functional
orthologue of human
Siglec-9)

Human Siglec-10

Mouse Siglec-G (orthologue
of human Siglec-10)

Human Siglec-11

Human Siglec-14

Human and mouse Siglec-15
Human Siglec-16

Mouse Siglec-H

Appendix

Expression pattern

Macrophages (tissue
subsets) and activated
monocytes

Beells

Myeloid progenitors,
macrophages, monocytes,
microglia and granulocytes

Macrophages and
granulocytes

Oligodendrocytes and
Schwann cells

Neutrophils, monocytes and
Beells

Trophoblasts and B cells

NK cells, monocytes and
mast cells

Eosinophils, mast cells and
basophils

Eosinophils, alveolar

macrophages and activated
microglia

Neutrophils, monocytes,
DCs and NK cells

Neutrophils, monocytes,
macrophages and DCs

B cells, monocytes and
eosinophils

B cells and myeloid DCs

Macrophages and microglia

Neutrophils and monocytes

Osteoclasts, macrophages
and DCs

Macrophages and microglia

Plasmacytoid DCs and
macrophage subsets

of structural and functional properties of the Siglec

Structure

Number of Tyrosine

Ig domains motifs

17 None

7 ITIM,
ITIM-like
and GRB2

2 ITIM and
ITIM-like

2 ITIM-like

5 FYNkinase
site

4 ITIM and
ITIM-like

3 ITIM and
ITIM-like

3 ITIM and
ITIM-like

3 ITIM and
ITIM-like

4 ITIM and
ITIM-like

3 ITIM and
ITIM-like

3 ITIM and
ITIM-like

5 ITIM,
ITIM-like
and GRB2

5 ITIM,
ITIM-like
and GRB2

5 ITIM and
ITIM-like

3 None

2 None'

5 None

2 None

Sialosid Di relevance®
DAP12 preference’
binding
No o3 B4 Autoimmunity and
L oy | infections including HIV-1,
PRRSV, C. jejuni and GBS
No s Lymphoma,leukaemia, SLE
a6 B4 and rheumatoid arthritis
: ab . B4
No a6 P4 Acute myeloid leukaemia
¢4 and Alzheimer's disease
Unknown Notdetermined Alzheimer’s disease
No 3 _p3 Neurodegeneration
00—
o infection
N a8 GBS infecti
l b
No e Pre-eclampsia
0
No a8 o o3 B4 Cancer and C. jejuni
—9——M infection
No S Eosinophilia and asthma
a3 | p4
No 6 Eosinophilia
«3 | B4
3
P D4.
No I3 Chronic lung inflammation
a3 _ P4
a3
No a3 _ B3 Acute lung injury and
F7, neuroinflammation
No ab P4 Lymphoma, leukaemia,
o—o—=a eosinophilia and
6 B4 allergy
No a3 P4 Tissue damage, sepsis,
o—e—1a graft-versus-host disease
:(16 = [)4[ and autoimmunity
No ; a8 6 o3 o Neuroinflammation
Yes IACES GBS infection and COPD
=0
Yes .a_SD Osteopetrosis
Yes ‘ﬂs 5 a3 O Unknown
Yes Notdetermined Viralinfectionand

neuroinflammation

Refs

33435,
44,45,
137,138

3.93

3,74-76,
79,8082,
137,138
74
137,138

3.5,
137.139

3,138,
140

342

66,141

3,70,
78

3,137,
142

33,40,
41,86,
97,143

71,78

5,139

131

8

3,78,
144-146

C.jejuni, Campylobacter jejuni; COPD, chronic obstructive pulmonary disease, DC, dendritic cell; GBS, group B Streptococcus; GRB2, growth factor receptor-bound protein 2;
lg,immunoglobulin; ITIM, immunoreceptor tyrosine-based inhibitory motif; MAG, myelin-associated glycoprotein; NK, natural killer; PRRSV, porcine reproductive and
respiratory syndrome virus; SLE, systemic lupus erythematosus. *Two additional Siglec genes and proteins are found in chimpanzees that are either only expressed in some
humans in a form that does not bind sialic acids (in the case of Siglec-12) or they have been deleted from the human genome (in the case of Siglec-13)""**", 'Specificities are
summarized from the cited references or from glycan array data on the Functional Glycomics Gateway website. Sialoside structures are shown in diagrammatical form
showing linkages (indicated by aX and pX, where X is number) between the following residues: N-acetylneuraminic acid (purple diamond), N-glycolyl-neuraminic acid (light
blue diamond), galactose (yellow circle), N-acetylgalactosamine (yellow square), N-acetylglucosamine (dark blue square), fucose (red triangle). Sulphation is indicated by 'S".
‘Disease relevance is based on animal models or expression on cell types that are involved in disease processes. Additional references for disease relevance are cited in the
main text.'Conserved tyrosine of unknown function.

Nature Reviews Immunology 14, 653—-666 (2014)
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Appendix. Fig. S1 Siglecs in humans and mice

Sialoadhesin Human CD33-related Siglecs Siglec-11
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Siglec-6 Siglec-8 Siglec-14 (
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CD22 ‘
Siglec-2 Mon Neu Pla NK  Eos Neu B Mac  Neu
MAG Mac B B Mon Mon Mon
Siglec-4
Mouse CD33- —
g i - .
Related Siglecs 9 ‘ Ig domain, V-set
Siglec-15 _ SlglecF . Ig domain, C2-set
- cpag SBlecE w ITIM: SHP-1/-2 binding motif

Siglec-H @ TIM-like
@8 Grb2 binding motif
<+ Basic residue, couples to DAP-12

Eos

mDC
Microbiology Spectrum 4(5), MCHD-0036 (2016)
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Appendix. Fig. S2 Signalling mediated by CD22 and the CD33-related Siglecs
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