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Abstract
Pathogenic microorganisms are sensed by the inflamma-
some, resulting in the release of the pro-immune and proin-
flammatory cytokine interleukin-1β (IL-1β). In humans, the 
paired sialic acid-binding Ig-like lectin receptors Siglec-5 (in-
hibitory) and Siglec-14 (activating) have been shown to have 
reciprocal roles in regulating macrophage immune respons-
es, but their interaction with IL-1β signaling and the inflam-
masome has not been characterized. Here we show that in 
response to known inflammasome activators (ATP, nigeri-
cin) or the sialic acid-expressing human bacterial pathogen 
group B Streptococcus (GBS), the presence of Siglec-14 en-
hances, whereas Siglec-5 reduces, inflammasome activation 
and macrophage IL-1β release. Human THP-1 macrophages 
stably transfected with Siglec-14 exhibited increased cas-
pase-1 activation, IL-1β release and pyroptosis after GBS in-
fection, in a manner blocked by a specific inhibitor of nucle-
otide-binding domain leucine-rich repeat protein 3 (NLRP3), 

a protein involved in inflammasome assembly. Another 
leading pathogen, Streptococcus pneumoniae, lacks sialic 
acid but rather prominently expresses a sialidase, which 
cleaves sialic acid from macrophages, eliminating cis- inter-
actions with the lectin receptor, thus attenuating Siglec-14 
induced IL-1β secretion. Vimentin, a cytoskeletal protein re-
leased during macrophage inflammatory activation is known 
to induce the inflammasome. We found that vimentin has 
increased interaction with Siglec-14 compared to Siglec-5, 
and this interaction heightened IL-1β production by Siglec-
14-expressing cells. Siglec-14 is absent from some humans 
because of a SIGLEC5/14 fusion polymorphism, and we found 
increased IL-1β expression in primary macrophages from SI-
GLEC14+/+ individuals compared to those with the SI-
GLEC14–/+ and SIGLEC14–/– genotypes. Collectively, our re-
sults identify a new immunoregulatory role of Siglec-14 as a 
positive regulator of NLRP3 inflammasome activation.

© 2019 The Author(s)
Published by S. Karger AG, Basel
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Introduction

Pathogenic and beneficial microbes establish intimate 
interactions with host immune cells to manipulate im-
mune responses and resist immune clearance [1, 2]. To 
detect and respond to microbial invasion, host cells ex-
press a range of pattern recognition receptors that recog-
nize specific pathogen-associated molecular patterns to 
alert the broader immune system [1]. Several pathogen-
associated molecular patterns are glycoconjugates ex-
pressed on the microbial cell surface or secreted into the 
environment [3]. Conversely, immune cells recognize 
common glycan “self-associated molecular patterns” 
ubiquitous in the host (e.g., sialic acid, hyaluronic acid) 
with inhibitory receptor signaling to dampen immune re-
sponses during homeostatic conditions [4]. Consequent-
ly, some microbes have evolved molecular mimicry of 
host glycan structures to subvert these immunoregula-
tory pathways and promote their survival within the host 
[5, 6]. 

CD33-related sialic acid-binding immunoglobulin-
like lectins (Siglecs) are a family of lectins having charac-
teristic amino acid sequences for recognition of sialic ac-
id-containing glycans on immune cells [7]. Siglecs play 
important roles in regulating immune responses, in host-
pathogen interactions, and in tumorigenesis [8, 9]. To 
date, 15 human Siglecs have been identified and se-
quenced, 10 of which are inhibitory receptors containing 
immunoreceptor tyrosine-based inhibition motif (ITIM) 
or ITIM-like domain(s) in their intracellular signaling 
domains [7, 10]. Upon engagement of sialic acid-contain-
ing ligands, the cytoplasmic tyrosine phosphatases 
SHP1/2 are recruited to the ITIM domain to deliver in-
hibitory signal(s) that modulate and counteract immune 
responses [7–9]. Some microbes, for example, the prom-
inent human neonatal pathogen group B Streptococcus 
(GBS), manipulate host immune cells through sialic acid 
mimicry by engaging inhibitory Siglecs to promote bacte-
rial immune evasion [5, 11, 12]. Perhaps in response to 
the selective pressures exerted by such pathogen subver-
sion, some Siglecs with activating signaling potential have 
evolved, for example, human Siglecs-14 and 16, in which 
the ITIM/ITIM-like intracellular domains are replaced 
with an immunoreceptor tyrosine-based activation motif 
[13] that recruits the activating adapter protein DAP12 
[14, 15]. 

The human SIGLEC14 (activating) and SIGLEC5 (in-
hibitory) genes are located near one another on chromo-
some 19q13.41 and possess partial gene conversions lead-
ing Siglec-14 to share high sequence similarity and gly-

can-binding preference with Siglec-5 [14]. Interestingly, 
in some human populations, SIGLEC14 and SIGLEC5 are 
undergoing unequal crossover within these highly ho-
mologous regions to generate a new fusion gene product, 
SIGLEC14/5. This fusion gene is almost identical to SI-
GLEC5 encoding the inhibitor ITIM/ITIM-like domains, 
but is expressed under control of the SIGLEC14 promot-
er, resulting in the functional deletion of SIGLEC14 [16]. 
In the human population, individuals either express in-
tact SIGLEC5 and SIGLEC14 (denoted here Sig14+/+), 
have one of their alleles replaced by SIGLEC14/5 fusion 
(heterozygous Sig14+/–), or have both alleles replaced by 
SIGLEC14/5 (homozygous Sig14–/–) [16].

GBS and other sialic acid-expressing bacterial patho-
gens (e.g., Neisseria meningitidis, Campylobacter jejuni, 
Haemophilus influenzae) can engage various human Si-
glecs (e.g., Siglec-1, -5, -9) on leukocytes to impact phago-
cytosis, microbicidal activities and inflammatory re-
sponses [5, 17–20]. In addition to sialylated ligands, cer-
tain strains of GBS can engage paired receptors Siglec-14 
and -5 through a non-sialic acid-dependent ligand, the 
β-protein [21, 22]. By β-protein-mediated engagement of 
inhibitory Siglec-5, GBS can suppress immune responses 
in neutrophils and monocytes [21], and this suppression 
can be counteracted by activating Siglec-14 [22]. Recent-
ly, heat shock protein 70 (HSP70), which can be secreted 
from cells during inflammatory responses, was identified 
as a host-derived sialic acid-independent ligand of Si-
glec-5 and -14. Whereas HSP70 binding to Siglec-5 deliv-
ered anti-inflammatory signals, engagement of HSP70 
with Siglec-14 delivered counter-regulatory proinflam-
matory signals [23].

A major current paradigm in the innate immune sys-
tem response to invading pathogens or cellular damage 
involves the function of inflammasomes – intracellular 
oligomeric assemblies containing a nucleotide-binding 
domain leucine-rich repeat protein (NLRP), the adaptor 
molecule apoptosis-associated speck-like protein con-
taining a CARD domain (ASC), and the protease cas-
pase-1 that work together to promote the maturation of 
the critical pro-immune and proinflammatory cytokine 
interleukin-1β (IL-1β) as well as IL-18 [24, 25]. To date, 
the interaction between immunoregulatory Siglecs and 
IL-1β/inflammasome signaling has not been character-
ized. In this work, we identified an important role of Si-
glec-14 in modulating NLRP3-inflammasome activation, 
in a manner influenced by sialic acid-dependent and non-
sialic acid-dependent interactions with pathogens and 
host ligands. 
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Materials and Methods

Bacterial Strains and Mutants
Wild-type (WT) GBS serotype Ia strain A909 (GBS-WT) and 

its isogenic β-hemolysin/cytolysin (β-h/c) knockout mutant 
(GBSΔcylE) [26], Pseudomonas aeruginosa strain PAK (PA-WT) 
and its corresponding flagellin structural gene fliC knockout mu-
tant (PAΔfliC) [27], Bacillus anthracis Sterne 7702 (BA-WT)  
and its isogenic lethal factor knockout mutant (BAΔLF) [28],  
and Streptococcus pneumoniae strain D39 (SPN-WT) and its 
corresponding neuraminidase (sialidase) knockout mutant 
(SPNΔNanA) [29] have been described previously. 

Antibodies and Immunological Reagents
Immunoprecipitation was performed with anti-Siglec5/14 an-

tibody (MAB10721, R&D Systems, Minneapolis, MN, USA). Im-
munoblot analyses were performed with antibodies recognizing 
IL-1β and NLRP3 (12703 and 13158, Cell Signaling, Danvers, MA, 
USA), ASC (676502, Biolegend, San Diego, CA, USA), pro-cas-
pase-1 + p10 (ab179515, Abcam, Cambridge, MA, USA), and 
β-actin (GTX109639, GeneTex, Irvine, CA, USA). 

Cell Culture and Differentiation
For GBS exposure experiments, the human monocytic cell line 

THP1 expressing-Siglec-5 (THP1-Sig5), Siglec-14 (THP1-Sig14) 
and empty vector (THP1-EV) cells [16] were stimulated and dif-
ferentiated with 50 ng/mL of phorbol 12-myristate 13-acetate in 
RPMI 1,640 medium containing 10% heat-inactivated fetal bovine 
serum (HI-FBS) + 0.05 mM 2-β-mercaptoethanol for 72 h. To test 
the effect of different inflammasome ligands, THP1-EV and Siglec 
cells were differentiated in the presence of phorbol 12-myristate 
13-acetate and 10 µg/mL LPS (Sigma) for 18 h. Cells were stimu-
lated for 2 h with 0.5 µg/mL Flagellin (AdipoGen) or 10 µg/mL 
Poly(dA:dT) (InvivoGen) resuspended in TransFast transfection 
reagent (Promega). Primary human monocyte-derived macro-
phages (MDM) from 5 to 7 different donors per SIGLEC14/15 gen-
otype were used in this study. The mononuclear cell fraction was 
isolated from whole blood using PolymorphprepTM solution (Axis-
Shield, Olso, Norway) as previously described [21]. Cells were then 
washed and cultured in RPMI 1640 + 10% HI-FBS. After 2–3 h of 
incubation, the culture was mildly washed and cells in suspension 
were removed. Attached MDMs were treated with 50 ng/mL of 
GM-CSF in complete RPMI 1640 medium for 7 days prior to study.

Cytokine Analysis and Cytotoxicity Measurement
Cytokine levels in cell culture supernatants were quantified us-

ing DuoSet IL-1β, IL-6, and tumor necrosis factor-α ELISA kits 
(R&D Systems, Minneapolis, MN, USA). Caspase-1 activity levels 
in culture supernatants were assayed using the Caspase-1 colori-
metric kit (BioVision, Milpitas, CA, USA). Cytotoxicity was as-
sessed by measuring lactate dehydrogenase (LDH) release from 
the cells using a CytoTox 96 Nonradioactive Cytotoxicity assay 
(Promega, Madison, WI, USA).

Detection of Cell Surface Siglec-5/14
Surface Siglec-5/14 staining was performed by seeding and dif-

ferentiating 2 × 106 THP-1 cells in triplicate overnight. Cells were 
dislodged by incubation in cold 10 mM EDTA/phosphate-buffered 
saline (PBS) and gentle scraping using a rubber policeman, washed 
once with 1% heat-inactivated FBS (HI-FBS)/PBS, then resus-

pended in 200 µL of APC-conjugated anti-human CD170/Siglec-5 
(352006, Clone 1A5, Biolegend) or APC-conjugated mouse IgG1, 
κ isotype control (400122, Clone: MOPC-21, Biolegend) mixture 
using 1 µg of antibody per 200 µL final volume of 1% HI-FBS/PBS. 
Staining was performed for 1 h at 4  ° C, followed by 2 washes and 
a final resuspension in 1% HI-FBS/PBS. Surface expression of Si-
glec-5/14 was measured using flow cytometry (FACSCalibur, BD 
Biosciences) and analyzed using FlowJo version 10.2 software 
(FlowJo LLC, Ashland, OR, USA). The mean fluorescence inten-
sity was calculated on cells gated as THP-1 cells. 

Siglec-5/14 Protein and mRNA Analysis 
Soluble Siglec-5/14 (sSiglec-5/14) levels in cell supernatants 

were quantified using a Human Siglec-5/Siglec-14 DuoSet ELISA 
kit (R&D Systems, Minneapolis, MN, USA). Quantitative poly-
merase chain reaction (qPCR) analysis of Siglec mRNA expression 
was performed by extracting RNA from 2 × 106 cells using the 
RNeasy Plus Mini Kit (Qiagen) and DNase I treatment (Invitro-
gen). cDNA was synthesized using the iScript cDNA Synthesis Kit 
(Bio-Rad), and qPCR was performed using the KAPA SYBR FAST 
qPCR Kit (Bio-Rad). Human GAPDH was used as a housekeeping 
gene control. qPCR primer sets were as follows: GAPDH Fwd: 
5′-ACAACTTTGGTATCGTGGAAGG-3′, GAPDH Rev: 5′-GC-
CATCACGCCACAGTTTC-3′; Siglec-14 Fwd: 5′-CCTCTTCCT-
GCATATGTGTAACT-3′, Siglec-14 Rev: 5′-CCTCCACACCTG-
GTATAGTAGA-3′; Siglec-5 Fwd: 5′-CCCTCCCTTGGAAGAA-
CAAA-3′, Siglec-5 Rev: 5′-TTAGGCTCCCTCGACTTCA-3′.

Human Macrophage Infection with GBS
GBS was propagated in Todd-Hewitt broth (Oxoid, Basingstoke, 

UK) at 37  ° C without shaking, washed and resuspended in RMPI 
1640, and added to 4 × 104 macrophages at the indicated multiplic-
ity of infection (MOI). Bacteria and macrophages were spun togeth-
er at 1,600 rpm for 5 min to initiate the assay, gentamicin (100 µg/
mL) was added 1 h after infection to suppress bacterial overgrowth, 
and bacteria and macrophages were co-incubated for an additional 
16 h. When 2 × 106 THP-1 cells were needed for larger-scale exper-
iments, GBS bacteria were similarly added at an MOI = 10 bacteria/
cell. P. aeruginosa strains were cultured in Luria-Bertani broth over-
night at 37  ° C with shaking, diluted 1: 200 (v/v), and grown for 2 h. 
B. anthracis strains were grown in brain heart infusion broth for 12 
h at 37  ° C with shaking, diluted 1: 200 (v/v), and grown for 4 h. SPN 
strains were grown overnight on blood agar plates at 37  ° C and 5% 
CO2. A colony was then used to inoculate Todd-Hewitt broth sup-
plemented with 0.5% yeast extract [30] and grown for 6 h. 

Vimentin Binding Analysis
High-protein binding plates (Costar) were coated with 10 µg/

mL of sialidase-treated Siglec-Fc proteins and allowed to bind over-
night. Plates were washed 3 times with PBS + 0.05% Tween-20, 
blocked with 2% bovine serum albumin (BSA)/PBS for 1 h, washed 
3 more times with PBS + 0.05% Tween-20, and then recombinant 
vimentin (Peprotech) resuspended in 2% BSA/PBS was added at 
varying concentrations and allowed to bind for 2 h. Afterwards, the 
plate was washed 3 times with PBS + 0.05% Tween-20. Vimentin 
binding was detected with a 1: 500 dilution of anti-vimentin-HRP 
conjugated antibody (sc-6260 HRP, V9, Santa Cruz Biotechnology) 
allowed to bind for 2 h. The plate was washed 3 times with PBS + 
0.05% Tween-20, and then developed with TMB substrate reagent 
for 20 min. Afterwards, the reaction was stopped with 2N H2SO4. 
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SIGLEC5/14 Genotypic and Analysis of Cytokine Secretion
Genomic DNA was extracted from mononuclear cells of 

healthy donors using the DNeasy Blood and Tissue Kit (Qiagen, 
Germantown, MD, USA). Primers used for specific amplification 
of SIGLEC14, SIGLEC5, and SIGLEC14/5 fusion genes and PCR 
conditions were described previously [16]. Cell culture superna-
tants were harvested for ELISA to determine the amount of IL-1β 
and IL-6 released using ELISA kits.

Protein Isolation and Immunoblot Analysis
Cell lysates of the 3 cell lines were prepared and separated by 

SDS-PAGE, transferred to PVDF membranes (EMD Millipore), 
and probed with anti-Capsase-1, IL-1β, ASC, and NLRP3 anti-
bodies.

Statistical Analysis
Statistical significance was analyzed by using the paired t test 

for THP-1 cell experiments or an unpaired t test for human sample 
experiments. Data are expressed as mean ± SD. Significance of p 
values was classified as follows: * p < 0.05, ** p < 0.005, *** p < 
0.001.

Results

Expression of Siglec-14 on Macrophages Increases 
IL-1β Secretion through NLRP3 Inflammasome 
Activation
The paired receptors Siglec-14 and -5 modulate innate 

immune responses in human monocytes and neutrophils 
through interaction with microbial or host-expressed si-
alic acid or binding proteins [20–23, 31]. However, the 
effect of Siglec-14/5 regulation on inflammasome activa-
tion triggered by bacterial infection [25] remains unex-
plored. To test this hypothesis, THP-1 cells (a human 
monocyte-like cell line) were stably transfected with Si-
glec-14 (THP1-Sig14), Siglec-5 (THP1-Sig5) or EV con-
trol (THP1-EV) [16] and cell surface expression of Si-
glec-14 and -5 confirmed by flow cytometry FACS (on-
line suppl. Fig. S1a; for all online suppl. material, see 
www.karger.com/10.1159/000504323). When the macro-
phage lines were stimulated with the known inflamma-
some activators adenosine 5’-triphosphate (ATP) or ni-
gericin, ELISA detected significantly increased IL-1β se-
cretion from the THP-Sig14 macrophages compared to 
the EV control or THP1-Sig5 cell lines (Fig.  1a). Since 
Siglec-14 can interact with toll-like receptors 2 and lead 
to increased cytokine production [32], we also tested for 
the differential release of other cytokines. However, tu-
mor necrosis factor-α or IL-6 cytokine release was not 
detected after THP1-Sig14 or THP1-Sig5 cell lines were 
stimulated with ATP or nigericin (online suppl. Fig. S1b). 
Therefore, under our experimental conditions we do not 

observe a general priming effect due to Siglec-14 or -5 ex-
ogenous expression; rather, we observed a specific effect 
on modulation of IL-1β cytokine production by THP1-
Sig14 and THP1-Sig5 cells upon stimulation with NLRP3 
inflammasome activators. 

As the soluble form of Siglec-14 can be released by my-
eloid cells, and recombinant Siglec-14 can compete with 
membrane-localized Siglec-14 to suppress cytokine re-
lease [32]. Therefore, differences in Siglec surface expres-
sion could potentially lead to altered release of sSiglecs 
and effects on IL-1β production. We investigated how 
ATP or nigericin treatment affected the surface expres-
sion of Siglec-5/14 on the THP-1 Siglec overexpressing 
cells and THP-1 cells. Due to the high similarity between 
the extracellular regions of Siglec-5 and -14, the anti-Si-
glec-5 antibody utilized recognizes both Siglec-5 and -14 
[14]. A small but statistically significant decrease in sur-
face Siglec-5/14 expression was detected upon THP1-
Sig14 and THP1-Sig5 treatment with ATP and upon EV 
and THP1-Sig14 cell line treatment with nigericin (online 
suppl. Fig. S2a). Neither ATP nor nigericin affected the 
levels of surface Siglec-5/14 on THP-1 cells (online suppl. 
Fig. S2b). Using a Siglec-5/14 ELISA, sSiglec-5/14 was not 
detected in cell supernatants collected after THP-1 or 
THP-1 Siglec cell stimulation with ATP or nigericin (on-
line suppl. Fig. S2c). Together, these results indicate that 
the differential IL-1β production observed in the THP-1 
and THP1-Sig14 and -Sig5 cells in response to ATP and 
nigericin was not affected by differences in release of sSi-
glec-5/14. 

To further explore the interaction between Siglec-14 
and NLRP3 inflammasome activation, a bioactive IL-1β 
reporter assay coupled to IL-1 receptor 1 activation was 
utilized. We confirmed that the IL-1β detected in the cul-
ture supernatant of the THP1-Sig14 macrophages after 
ATP or nigericin stimulation was in the form of the ma-
ture, signaling-competent cytokine (Fig. 1b). Enhanced 
IL-1β release seen in THP1-Sig14 macrophages in re-
sponse to ATP or nigericin was mediated through NLRP3 
inflammasome activation, since specific inhibitors of ei-
ther caspase-1 (Ac-YVAD) or NLRP3 (CRID3 sodium 
salt) blocked the stimulatory effect of Siglec-14 on release 
of the cytokine (Fig. 1c). Furthermore, potassium efflux 
is required for NLRP3 inflammasome activation [33]. Re-
placement of the culture medium with high potassium 
buffer to collapse the required efflux gradient blocked the 
effect of Siglec-14 enhancement of NLRP3-inflamma-
some activation and IL-1β release (Fig. 1d). To test wheth-
er Siglec-14 had a specific effect to activate NLRP3 in-
flammasomes or a broader role in activating multiple in-
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flammasome complexes, we tested different inflammasome 
inducers. Treatment of cells with LPS+ dsDNA 
poly(dA:dT) or with LPS+ flagellin (FLiC), which activate 
AIM2 and NLRC4 inflammasomes, respectively, did not 
increase bioactive IL-1β production by Siglec-14 cells 
(online suppl. Fig. S3). Together these results indicate 
that Siglec-14 promotes a proinflammatory effect via spe-
cific activation of NLRP3 inflammasomes.

Siglec-14 Boosts the Macrophage NLRP3 
Inflammasome Response to GBS 
The important Gram-positive human bacterial patho-

gen GBS produces a pore-forming β-h/c protein that 
damages macrophage cell membranes [34] and induces 
NLRP3-inflammasome activation [35]. Siglec-14 and -5 

modulate neutrophil and monocyte phagocytic and bac-
tericidal responses to GBS [21, 22], but their linkage to 
inflammasome/IL-1β signaling had not been investigat-
ed. WT and β-h/c-deficient (ΔcylE) GBS were used to 
challenge THP1-EV, THP1-Sig14 and THP1-Sig5 mac-
rophages at MOI = 10 bacteria:host cell, followed by mea-
surement of IL-1β secretion. In a β-h/c-dependent man-
ner, THP-1 macrophage release of IL-1β in response to 
GBS infection was increased by the presence of activating 
Siglec-14 and decreased by the presence of inhibitory Si-
glec-5 (Fig. 2a); no effect was observed for either Siglec on 
GBS-induced macrophage release of the inflammasome-
independent proinflammatory cytokine IL-6 (Fig.  2a). 
Commonly, inflammasome-associated cell death or “py-
roptosis” is quantified by release of LDH [25, 36], how-
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Fig.  1. Expression of Siglec-14 on macrophages increases IL-1β 
secretion through NLRP3 inflammasome activation. a THP1-EV, 
THP1-Sig14 and THP1-Sig5 cells were treated with 25 nM of phor-
bol-12-myristate-13-acetate for 48 h and stimulated with 5 mM of 
ATP or 10 μM of nigericin for 30 min then incubated for addition-
al 2 h; secreted IL-1β in supernatants was determined by ELISA. b 
The amount of secreted mature IL-1β in the supernatants of a were 
determined using IL-1β sensor cells (Invivogen) and optical den-
sity (OD) measurements at 655 nm. c Cells were treated with cas-
pase-1 inhibitor Ac-YVAD-CMK (YVAD), NLRP3 inhibitor 

CRID3 sodium salt (CRID3) or mock control for 1 h and stimu-
lated with ATP or nigericin for an additional 2 h followed by ELI-
SA to determine the secreted IL-1β level in supernatants. d Cells 
were treated with PBS, K+ buffer or Na+ buffer for 2 h and exposed 
to nigericin or buffer control for an additional 2 h. Culture super-
natants were used to determine secreted IL-1β levels by ELISA. 
Error bars represent the SD of data means from 3 independent 
experiments. Significance of p values was classified as follows:  
* p < 0.05, ** p< 0.005, *** p < 0.001. EV, empty vector; IL-1β, 
interleukin-1β; unstim., unstimulated; inhib, inhibition.
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ever in the case of GBS the pore-forming cytolytic activ-
ity of the β-h/c toxin itself rapidly induces LDH release 
[34], confounding simple interpretation. Therefore, we 
used ATP as a supplemental inflammasome stimulus to-
gether with the noncytolytic GBS ΔcylE mutant, and we 
found that expression of Siglec-14 resulted in increased 
macrophage IL-1β secretion (inflammasome activation) 

and LDH release (pyroptosis) compared to the EV or Si-
glec-5-expressing THP-1 macrophage lines (Fig. 2b). 

We previously observed that differential expression of 
Siglec-14 can affect Siglec-5 and Siglec-14 expression in 
neutrophils after LPS stimulation [22]. Thus, we investi-
gated if exposure of THP-1 cells to GBS WT and to the 
GBS ΔcylE mutant affected Siglec expression. A small but 
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significant decrease in the levels of surface Siglec-5/14 
was observed on THP-1 cells exposed to GBS WT and to 
the ΔcylE mutant compared to media control (online  
suppl. Fig. S4a). At the mRNA level, exposure to GBS WT 
or the ΔcylE mutant did not affect Siglec-14 expression 
levels (online suppl. Fig. S4b). However, there was a sta-
tistically significant decrease in Siglec-5 expression upon 
GBS WT exposure compared to media controls (online 
suppl. Fig. S4c). This finding is similar to our previous 
report that Siglec-5 expression is decreased in neutrophils 
isolated from Sig14+/+ individuals when stimulated with 
LPS [22]. Future work is needed to determine whether 
there is a potential loss of Siglec-14 expressing cells due 
to induction of pyroptosis by GBS, leading to lysis and 
decreased detection of Siglec-14 expressing cells, or 
whether the decreased mRNA expression of Siglec-5 is 
causing the observed reduction of surface Siglec-5/14. 
Despite the differences in surface Siglec-5/14 expression, 
no differences in the release of sSiglec-5/14 were detected 
between untreated THP-1 cells versus those exposed to 
GBS WT or the GBS ΔcylE mutant. Therefore, release of 
sSiglec-5 or 14 is not predicted to differentially affect the 
IL-1β response observed after THP-1 exposure to GBS 
bacteria. 

Microbial inflammasome activation is understood to 
require 2 signals: first, induction of transcription and 
translation of pro-IL-1β through NF-κB-dependent pat-
tern-recognition systems such as toll-like receptors or 
dectin-1/2 receptors; second, inflammasome assembly 
for cleavage of pro-IL-1β into the active form in response 
to activators such as ATP and pore-forming toxins [37, 
38]. In response to GBS WT infection, pro-IL-1β tran-
scription was not elevated, but rather modestly reduced, 
in THP1-Sig14 and THP1-Sig5 macrophages compared 
to THP1-EV control cells (online suppl. Fig. S4e), and 
protein levels of NLRP3, pro-caspase-1 and pro-IL-1β 
were similar in the 3 cell lines (Fig.  2c). However, Si-
glec-14 expression triggered a marked increase in cas-
pase-1 activity in the GBS-infected THP-1 cells (Fig. 2d). 
Together, these results show that Siglec-14 increases cas-
pase-1 activation in response to GBS infection of macro-
phages, working at the level of signal two rather than sig-
nal one. 

Siglec-14 and -5 exhibit similar glycan binding prefer-
ence for sialic acid [14]. Comparing binding by WT and 
sialic-acid binding mutant (R119A) Fc chimeras of Si-
glec-5 and Siglec-14, we determined in both cases the 
presence of sialic acid-dependent and sialic acid-inde-
pendent binding to cis-ligands expressed on THP-1 mac-
rophages (online suppl. Fig. S5a). Another leading hu-

man streptococcal pathogen, SPN, expresses a potent si-
alidase (NanA) that removes sialic acid from cell surfaces. 
Compared to isogenic ΔNanA mutant bacteria, infection 
with WT SPN causing desialylation elicited less secretion 
of IL-1β from THP1-Sig14 macrophages. Conversely, 
WT SPN triggered increased secretion of IL-1β from 
THP1-Sig5 macrophages compared to infection with the 
ΔNanA mutant strain (Fig. 2e). A previous study demon-
strated SPN sialidase expression reversed Siglec-5-medi-
ated inhibition of NF-κB signaling and proinflammatory 
cytokine release [39]. We confirmed that in the case of 
NF-κB related proinflammatory cytokine IL-6, THP1-
Sig5 macrophages showed increased secretion of IL-6 in 
WT vs. ΔNanA SPN infection; however, no effect was 
seen on IL-6 release from THP1-Sig14 cells. These results 
show Siglec-14 regulation of inflammasome activation is 
sialic acid-dependent, but the influence of Siglec-14 on 
the NF-κB signaling pathway may not be as strong as that 
of the inhibitory Siglec-5 in macrophages. 

Vimentin can Engage Siglec-14 to Increase 
Inflammasome Activation
Our previous studies found that not only did bacte-

rial GBS β-protein functionally engage Siglec-14 and -5 
[22], but also HSP70, a non-sialic acid containing intra-
cellular chaperone protein that can be released from 
monocytes, interacted with Siglec-14 and -5 to modulate 
monocyte immune responses [23]. To investigate the 
ability of additional ligands to bind Siglec-14 and -5 in 
macrophages, cell extracts of THP1-Sig14, THP1-Sig5 
and THP1-EV macrophages were collected and immu-
noprecipitated using an anti-Siglec-5/14 antibody. Inter-
estingly, vimentin, a cytoskeleton protein which can be 
secreted from activated macrophages [40], was pulled 
down in THP1-Sig14 immunoprecipitations, and this in-
teraction was specific to Siglec-14, as vimentin was not 
found to interact with Siglec-5 or pulled down in the 
THP1-EV control (Fig. 3a). Indeed, Siglec-14-Fc chime-
ra bound much more strongly to recombinant vimentin 
than Fc chimeras of Siglec-5, -7, or -9 (Fig. 3b). A dose-
response study testing vimentin binding by Siglec-14-Fc 
vs. Siglec-5-Fc also detected increased Siglec-14-vimen-
tin binding compared to Siglec-5 (Fig.  3c). Vimentin 
treatment also enhanced p38 MAPK phosphorylation in 
THP1-Sig14 macrophages compared to THP1-Sig5 cells; 
in contrast, AKT phosphorylation was not differentially 
regulated with expression of the activating versus inhib-
itory Siglec (Fig. 3d). Importantly, vimentin was previ-
ously shown to be released by macrophages and regulate 
NLRP3-inflammasome activation [41]. Thus, we hy-
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pothesized that Siglec-14 could engage soluble vimentin 
as a key factor to induce NLRP3 inflammasome activa-
tion. To test this hypothesis, recombinant vimentin was 
added to THP1-Sig14, THP1-Sig5, and THP1-EV mac-
rophages exposed to the classical NLRP3 activator, nige-
ricin. We found increased IL-1β secretion in vimentin-
treated THP1-Sig14 macrophages compared to the oth-
ers (Fig. 3e) and confirmed the increased IL-1β secretion 
was NLRP3 dependent by use of the specific NLRP3 in-
hibitor, CRID3 (Fig. 3f). Together, our results show that 
vimentin has a strong binding preference for Siglec-14 
and is a host ligand that increases NLRP3 inflammasome 
activation through Siglec-14 signaling.

The Human SIGLEC14/5 Gene Polymorphism 
Influences Inflammasome Activation in Response to 
GBS
Based on our THP-1 macrophage cell line experi-

ments, we hypothesized that the SIGLEC14/5 gene poly-
morphism could influence the magnitude of inflamma-
some activation. Genotyping was performed to identify 
SIGLEC14, SIGLEC5 and the SIGLEC14/SIGLEC5 fusion 
allele (functional SIGLEC5 gene driven under the SI-
GLEC14 promoter) [16] in different healthy donors (on-
line suppl. Fig. S6a). In this study, the homozygous geno-
type carrying both normal SIGLEC14 alleles are referred 
as Sig14+/+; the heterozygous genotype carrying one SI-
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GLEC14 allele and one SIGLEC14/SIGLEC5 fusion allele 
are referred to as Sig14+/–; and the homozygous genotype 
carrying both SIGLEC14/SIGLEC5 fusion alleles are re-
ferred to as Sig14–/–. Primary human MDM from 5 to 7 
donors of each of the different genotypes were infected 
with GBS WT at MOI = 10 bacteria/host cell; GBS ΔcylE 
mutant bacteria served as negative (non-inflammasome 
inducing) control in this study. Primary macrophages 
from Sig14+/+ donors exhibited higher IL-1β secretion 
compared to primary macrophages from Sig14+/– or 
Sig14–/– donors in response to WT GBS infection (online 
suppl. Fig. S6b), whereas no significant differences in IL-6 
secretion were observed across all genotypes (Fig. 4b). To 
normalize cytokine expression levels across the 3 geno-
types, we divided the secretion level of IL-1β by that of 
IL-6, confirming Sig14+/+ donors yielded a higher IL-1β/
IL-6 ratio than the others (Fig. 4c). In contrast, the re-

sponse to GBS ΔcylE mutant infection did not reveal dif-
ferences in IL-1β, IL-6, or IL-1β/IL-6 ratio among the 3 
genotypes (Fig. 4d–f).

Discussion

In this study, we described an immunoregulatory 
mechanism of the paired human Siglec-14 and -5 recep-
tors in regulating NLRP3 inflammasome activation. Si-
glec-14-expressing THP1 cells exhibited increased secre-
tion of mature IL-1β through NLRP3 inflammasome ac-
tivation after treatment with ATP or nigericin and in 
response to GBS infection. Bacterial engagement with Si-
glec-14 (trans-interaction) and sialic acid-Siglec-14 inter-
action on the macrophage cell surface (cis-interaction) 
were both evident in modulation of Siglec-14 signaling to 
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enhance inflammasome activation. We also identified vi-
mentin as a new ligand of Siglec-14, which after its secre-
tion from activated macrophages [40], can potentially 
functionally interact with Siglec-14 to boost inflamma-
some activation. 

The innate immune response can be manipulated by 
bacterial glycosylation and by interaction of bacterial tox-
ins and proteins with immunoregulatory receptors [1]. 
The virulence of GBS is associated with its surface capsu-
lar polysaccharide, which contain a terminal α2,3-linked 
Neu5Ac in all the repeating polysaccharide units of the 10 
(Ia, 1b, II–IX) GBS serotypes. In particular, GBS serotype 
Ia and Ib contain terminal Neu5Acα2,3-lactosamine and 
interact with multiple human CD33-related Siglecs [42]. 
Through sialic acid mimicry, GBS can manipulate im-
mune responses by engaging inhibitory Siglecs, such as 
Siglec-5 [21], Siglec-9 [5], and murine Siglec-E [11]. In 
addition to sialic acid mimicry, the GBS β-protein medi-
ates an interaction with Siglec-14 and -5 [21, 22] that can 
influence innate immune phenotypes such as phagocyto-
sis and IL-8 secretion. Our results extend the spectrum of 
innate immune phenotypes modulated by Siglec-5/14, 
since Siglec-14 enhances and Siglec-5 inhibits inflamma-
some activation in response to GBS infection. Addition-
ally, we investigated how vimentin, a cytoskeleton protein 
known to mediate inside-out signaling in macrophages, 
can interact with Siglec-14 to stimulate inflammasome 
activation. 

The expression of activating Siglec-14 with inhibitory 
paired receptor Siglec-5 controls a balance in inflamma-
tory responses to pathogenic infection. However, activat-
ing Siglec-14 could represent a double-edged sword, 
which may promote inflammatory responses for patho-
gen clearance but also risk harmful excess inflammation, 
perhaps aggravated by pathogen manipulation. Exacer-
bations of chronic obstructive pulmonary disease (COPD) 
can be triggered by bacterial airway infection and is a sig-
nificant cause of human mortality. The severity of COPD 
is associated with expression of Siglec-14 [31]; and more-
over, the level of serum IL-1β correlated with disease se-
verity in these patients [43]. Enhanced inflammasome ac-
tivation through Siglec-14 signaling may thus represent a 
key mechanistic link between bacterial infection and ex-
cessive inflammatory responses, such as in COPD and 
our studies with GBS. However, further studies are neces-
sary to ascertain that the differential inflammatory re-
sponse to GBS is solely due to the Sig14+/+ genotype and 
not a co-segregating polymorphism.

In summary, we demonstrate a new role for Siglecs in 
modulating inflammasome activation in host-pathogen 

interactions and provide a mechanism for excess inflam-
mation in individuals with a SIGLEC14 genotype. These 
results may inspire the examination of how other mem-
bers of the Siglec family and other immunomodulatory 
lectin receptors influence inflammasome activation in re-
sponse to pathogen infection and during inflammatory 
disease states.
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Fig. S1. Characterization of THP1-Sig14 and THP-1-Sig5 cells. a Cell surface expression of 

Siglec-5/14 was detected using an antibody that recognizes Siglec-5 and Siglec-14 and flow 

cytometry analysis.  b THP-1 EV, Sig5, or Sig14 cells were stimulated with 5 mM ATP or 10 µM 

nigericin for 30 min then incubated for additional 2 h.  TNF-a and IL-6 production was assessed 

by ELISA.  n.d. indicates cytokine was not detected.  

 

 

 

 

 

 

 

 

 

 



 

 

  

Fig. S2.  Analysis of cell surface and secreted Siglec-5/14 upon treatment with NLRP3 

inflammasome activators.  THP-1 cells were stimulated with 5 mM ATP or 10 µM nigericin for 

30 min and then incubated for additional 2 h. (a, b)  Cell surface Siglec-5/14 was detected using 

an anti-Siglec-5 antibody (Biolegend, Clone 1A5) and flow cytometry analysis.  Average mean 

fluorescence intensity (MFI) is shown compared to media-treated cells stained with an isotype 

control.  c Soluble Siglec-5/14 in cell supernatants was analyzed by ELISA.  n.d. indicates secreted 

Siglec-5/14 protein was not detected.  Data are representative from 2 independent experiments 

performed in triplicate.  Error bars denote the SD, * p< 0.05, ***p < 0.001. 

  

 



 

 

Fig. S3.  Analysis of bioactive IL-1β release upon AIM2 and NLRC4 inflammasome ligand 

stimulation of  THP-Siglec cells.  THP1-EV, THP1-Sig14 and THP1-Sig5 cells were differentiated 

with 25 nM of phorbol-12-myristate-13-acetate (PMA) and 10 ug/ml LPS for 18 h and stimulated 

with (a) Poly(dA:dT) or (b) Flagellin for 2 h.  The amount of secreted and mature IL-1β in 

supernatants was determined using the IL-1β sensor cells (InvivoGen).  Data is representative from 

3 independent experiments performed in triplicate.  Error bars denote the SD, ***p < 0.001. 

   

 

 

 

 

 

 

 



 

 

Fig. S4.  Analysis of Siglec-5 and Siglec-14 expression upon THP-1 cell exposure to GBS.  THP-

1 cells were exposed to GBS WT and GBS ΔcylE mutant bacteria at an MOI = 10 bacteria/cell and 

incubated for 16 h.  a  Cell surface Siglec-5/14 expression was detected using an anti-Siglec-5 

antibody (Biolegend, Clone 1A5) and flow cytometry analysis.  Average mean fluorescence 

intensity (MFI) is shown compared to media-treated cells stained with an isotype control.  (b, c) 

Siglec-14 and Siglec-5 mRNA expression was analyzed by qPCR. d  Soluble Siglec-5/14 in cell 

supernatants was analyzed by ELISA.  e IL-6, TNF-a, and IL-1β expression was quantified by 

qPCR analysis.  Data are representative from 2 independent experiments performed in triplicate.  

Error bars denote the SD, ***p < 0.001. 

 

 



 

 

Fig. S5.  Flow cytometry detection of sialic acid-dependent and independent binding by Siglec-

14-Fc and Siglec-5-Fc recombinant proteins to THP-1 cells. Cells were incubated with the 

indicated recombinant Siglec-Fc proteins and stained with an anti-human IgG antibody to detect 

Siglec-Fc binding.  Histograms display the fluorescence intensity distribution. Black line: Siglec-

5-Fc or Siglec-14-Fc; filled histograms (dark grey): sialic acid binding mutant, Siglec-5R119A-Fc 

or Siglec-14R119A-Fc; filled histograms (light grey): hIgG-Fc control.  

 

 

 

 

 

 

 



 

 

 

Fig. S6. Siglec-5 and Siglec-14 genotype analysis and association with IL-1β response to GBS.  a 

Genomic PCR results of SIGLEC5 (left lane), SIGLEC14 (middle lane), and SIGLEC14/5 fusion 

gene (Null, right lane) of human monocyte-derived macrophages isolated from 19 donors. b Cells 

of the indicated genotypes were infected with WT GBS and IL-1β production was measured by 

ELISA (graph displays all the results presented in Fig. 4).			 

 

 

 

 


