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Siglec-7 inhibits TLR3-induced
pro-inflammatory cytokine
production from human
monocytes and macrophages

Justin N. Keeney1,2, Janina Schwarte3, Bo Yang4,
Hendrik Wesseling4, Bailin Zhang4, Andrew J. McKnight1,
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Immune checkpoint receptors, including Sialic-acid-binding immunoglobulin-

like lectins (Siglecs), are critical regulators of immune homeostasis. Siglecs can

serve as negative regulators of Toll-like receptor (TLR) signaling, promoting the

resolution of inflammatory signaling through feedback inhibition mechanisms.

Previous studies demonstrated that Siglec-E, the murine homolog of the human

inhibitory receptor Siglec-7, negatively regulates TLR4 signaling by controlling

receptor endocytosis. This regulatory mechanism suggests that Siglec-7 may also

limit TLR signaling. Here we reveal a novel mechanism whereby Siglec-7

represses endosomal TLR3 activation, compared to other TLRs, in human

myeloid cells. Crosslinking Siglec-7 with antibody clone QA79 significantly

reduced TNFa secretion in U937 cells, primary monocytes, and macrophages

following Poly(I:C) stimulation. Mechanistically, QA79 triggers rapid FcgR-
independent internalization and endolysosomal trafficking of surface Siglec-7,

which enables the direct co-localization of Siglec-7 with TLR3 within the

endolysosome. This co-localization between Siglec-7 and TLR3 suppresses NF-

kB phosphorylation, a key pro-inflammatory signaling node downstream of TLR3.

These findings establish a previously unrecognized negative regulatory role of

Siglec-7 for TLR3-mediated inflammation in myeloid cells, where a disrupted

interaction could contribute to autoimmune disease pathogenesis. Targeting this

pathway represents a promising therapeutic approach for TLR3-driven

autoimmune diseases.

KEYWORDS

agonism and antagonism, antibody, endolysosome, glycosylation, myeloid cells, pro-
inflammatory, Siglec-7, TLR3
Introduction

Toll like receptors (TLRs) are critical first-line host defense sensors (1). Disruption of

regulatory processes that control TLR activation underpins autoimmune diseases (1).

Among these receptors, TLR3 localizes to the endosome and binds to double-strand RNA

to induce production of type-1 interferons and pro-inflammatory cytokines (2).
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Dysregulated TLR3 underlies autoimmune diseases such as

Rheumatoid Arthritis, Systemic Lupus Erythematosus, and Type-

1 Diabetes (2). Previous reports show Siglec family proteins can

negatively regulate TLR signaling with multiple mechanisms

described (3–9). Sialic-acid-binding immunoglobulin-like lectins

(Siglecs) are evolutionarily conserved type-1 transmembrane

proteins found on immune cells that bind to sialic acid residues

on glycosylated substrates (10, 11). Multiple Siglecs, such as

Siglec-7, can bind to TLR3, however the functional significance of

this observation is unknown (12).

The inhibitory immune checkpoint receptor Siglec-7 is

constitutively expressed on myeloid and NK cell populations (13).

Siglec-7 preferentially binds to glycosylated molecules containing

an a2,8, a2,6, or a2,3 terminal-linked sialic acid (14–17). These

sialic acids appear on pathogenic substrates such as bacteria (18)

and viruses (19–22) as well as non-pathogenic substrates such as

zymosan (23) and certain self-ligands (14). Recently, CD43

expressed on T cells was identified as a novel endogenous ligand

for Siglec-7 (24, 25). This bidirectional Siglec-7/CD43 crosstalk

between APCs and T cells elicits tolerogenic programming of T

cells, revealing a Siglec-7-mediated mechanism that negatively

regulates T cell activity (26).

Emerging evidence has implicated Siglec-7 in multiple immune-

mediated inflammatory conditions including relapsing-remitting

Multiple Sclerosis, Type-2 Diabetes, and solid organ transplant

rejection (27–29). In vitro, antibody-mediated agonism of Siglec-7

decreased inflammatory cytokines from GM‐CSF‐induced

eosinophil activation and reduced IgE-mediated cell activation of

mast cells and basophils (30–32). Alternatively, antagonist antibody

engagement of Siglec-7 enhanced Th1 cytokine synthesis in a mixed

leukocyte reaction (26). Siglec-E, the mouse homologue of human

Siglec-7, is also implicated in multiple mechanistic autoimmune

models (33–36). Siglec-E binds to TLR4 and negatively regulates

LPS-induced pro-inflammatory cytokines by promoting TLR4

endocytosis (6). Given the high endogenous expression of Siglec-7

on myeloid cells, it remains unclear what role Siglec-7 plays on

monocytes or macrophages in respect to TLR regulation.

Here we show that crosslinking Siglec-7 with antibody clone

QA79 selectively reduced TLR3-mediated TNFa production from

monocytes and macrophages, but was ineffective in reducing TNFa
from other TLRs. Upon antibody binding, Siglec-7 was rapidly

internalized in a FcgR independent manner and trafficked to the

endolysosome where it co-localized with TLR3 and reduced TLR3-

induced NF-kB phosphorylation. Our findings demonstrate a

unique inhibitory function of Siglec-7 and could suggest a novel

therapeutic mechanism for diseases with over-active myeloid cells

that result from endosomal dysfunction.
Materials and methods

Reagents

Functional grade mouse IgG1 isotype antibodies specific for

Siglec-7 were obtained from eBiosciences (clone QA79) or
Frontiers in Immunology 02
Biolegend (clone S7.7 or Ultra-LEAF IgG1 isotype control).

Functional grade goat anti-mouse F(ab’)2 was obtained

from eBioscience.

Cell culture

Cell line

U937 cells were obtained from American Type Culture

Collection (ATCC).

PBMC Isolation

Leukopaks from healthy donors were obtained from Research

Blood Components (RBC). PBMCs were isolated from Leukopaks

using a Miletenyi MultiMACs system with a PBMC isolation kit

(Miltenyi Biotek) and frozen in C10 Freezing Media (Stem

Cell Technologies).

Monocytes

Monocytes were isolated from frozen PBMCs using a Monocyte

Isolation Kit (Stem Cell Technologies).

Macrophages

Monocytes were cultured with 20 ng/mL M-CSF (R&D

Systems) containing RPMI media for 3 days prior to conducting a

50% fresh M-CSF media changeout and incubating for another 3

days. Cells were detached with Accutase (Stem Cell Technologies).

All cells were grown in at 37 °C with 5% CO2 in RPMI media

(10% FBS + 1x Penicillin-Streptomycin).

Flow cytometry

Whole blood was obtained from Sanofi’s Donor Research

Program and red blood cells were lysed with ACK buffer (Gibco).

Fc block (Invitrogen) was incubated for 10 minutes before adding

the antibody cocktail and stained for 30 minutes. Excess antibody

was washed, and cells were incubated in Fixation Buffer (R&D

Systems) overnight at 4 °C before analyzing on a Cytek Aurora. The

results were plotted and analyzed using FlowJo (BD Biosciences).

U937 cells were stained similarly to whole blood. Antibodies

used for profiling can be found in Supplementary Table 1.

Cytokine profiling

2x105 U937 cells, 2x105 monocytes, or 1.5x105 macrophages

were blocked using a 5% human serum (Sigma Aldrich) solution on

ice for 30 minutes. The indicated concentration of IgG control,

QA79, or S7.7 antibodies were diluted in the same buffer and

incubated for 30 minutes on ice. Unbound antibody was washed

with cold PBS and cells were resuspended in RPMI media

containing 2 μg/mL F(ab’)2 and the indicated concentration of

TLR ligand (Invivogen). Cells were incubated at 37 °C for 24 hours.

Media was collected and frozen at -80 °C until ready for analysis.

ELISA-matched antibodies for TNFa and IFNa2 were obtained
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from Biolegend. TMB substrate was used to detect the peroxidase-

labeled secondary antibody and was stopped with Stop Solution

(R&D Systems). Absorbance was measured on a SpectraMax M5e

(Molecular Devices).

For surface glycan removal, U937 cells were treated with

125 mU Neuraminidase (Sialidase from Clostridium perfringens,

Millipore Sigma) diluted in pH 6.0 PBS for 30 minutes at 37 °C

before blocking and antibody treatment described above.

Additional cytokine profiling was conducted using multiplex

assays from Meso Scale Discovery.

Internalization assay

The assay was described previously (37) and 5 μg/mL QA79 or

IgG isotype control, with or without prior incubation with Fc block

(Invitrogen, Cat 14-9161-73), were preincubation was described

above. Briefly, 1x105 cells were resuspended in warm media before

incubating in a 37 °C water bath for the indicated timepoints.

Internalization was halted by returning the cells to ice and diluting

in cold PBS. Once collected, the cells were stained for 30 minutes on

ice. Cells were washed and then fixed in Fixation Buffer (R&D

Systems) overnight at 4 °C before analyzing on a Cytek Aurora. The

results were plotted and analyzed using FlowJo (BD Biosciences).

Reagents used can be found in Supplementary Table 1.

Immunoblotting

5x105 U937 cells were preincubated with 25 μg/mL IgG or QA79

and treated with 1.25 μg/mL Poly(I:C) LMW and 2 μg/mL F(ab’)2 as

described above. Once collected, cells were lysed with RIPA buffer

containing protease and phosphatase inhibitors (Invitrogen). Lysate

was quantified using a BCA assay kit (Thermofisher) and ran on

precast polyacrylamide gradient gels (Bio-Rad) before transferring to

nitrocellulose membranes with an iBlot2 transfer system (Invitrogen).

Membranes were blocked with Starting Block buffer (Invitrogen) and

incubated with primary antibodies overnight at 4 °C. Membranes

were washed and incubated with HRP-conjugated secondary

antibodies (Jackson ImmunoResearch) before developing with

SuperSignal West Pico PLUS Chemiluminescent Substrate

(Invitrogen) and imaged on a Bio-Rad ChemiDoc MP Imaging

System. Densitometry measurements were analyzed in Image Lab 6.1.

Phosphorylated antibodies were striped using Restore PLUS

Western Blot Stripping Buffer (Invitrogen) before proceeding as

described above. Antibodies can be found in Supplementary Table 1.

scRNAseq

Siglec-7 mRNA levels in human PBMCs were taken from the

BLUEPRINT dataset (https://projects.ensembl.org/blueprint/)

accessed through Omicsoft Array Studio V12.8.0.15 (Qiagen), as

described previously (38).

Proteomics

Macrophages were differentiated as described above. One-day

prior to harvest, 24-well plates were coated with 15 μg/mL QA79 or

IgG isotype control. Plates were washed and blocked with RPMI
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media for 1 hour at 37 °C. 2x105 cells per well were plated and

incubated for 3 hours. Cells were subsequently washed with PBS

and frozen at −80 °C.

Proteomic sample preparation was performed using the single-

pot, solid-phase-enhanced sample preparation (SP3) workflow as

previously described (39). Briefly, cells were lysed in lysis buffer

containing 2% SDS, 300 mM triethylammonium bicarbonate

(TEAB), 300 mM NaCl, 8 M Urea, and protease/phosphatase

inhibitors. Lysates were sonicated, clarified by centrifugation

(21000 g, 10 minutes, 4 °C), and equal protein amounts were

reduced and alkylated with 20 mM tris(2-carboxyethyl)phosphine

and 40 mM 2-chloroacetamide at 60 °C for 30 minutes. Cytiva Sera-

Mag hydrophilic/hydrophobic beads (1:1) were added at a 10:1 (w/w)

bead-to-protein ratio, and SP3 wash steps were carried out according

to the published protocol. Proteins bound to beads were digested

overnight with trypsin (1:50 w/w; Promega) in 50 mM TEAB.

Peptides were eluted using LC-MS grade water and 200 mM

TEAB, vacuum-dried, acidified, and loaded onto Evotips according

to the manufacturer’s instructions.

Mass spectrometry was performed on a timsTOF HT (Bruker)

coupled to an Evosep One liquid chromatography system via a

CaptiveSpray nano-electrospray source. Peptides were separated on

a 15 cm × 75 μm ID IonOpticks Aurora C18 column (1.6 μm

particles) with an integrated CaptiveSpray emitter using the 20-

samples-per-day (20 SPD) Whisper method. diaPASEF acquisition

was carried out using twenty-one precursor double windows of

25 Da, covering 475–1000 m/z and 1/K0 values of 0.85–1.27 V·s/

cm². Raw data were processed by library-free direct DIA+ analysis

in Spectronaut v19.8 using the SwissProt human proteome database

(January 2022). Search parameters included trypsin specificity with

up to two missed cleavages, fixed carbamidomethylation (C),

variable methionine oxidation, and a precursor-level FDR cutoff

of 1% (Q-value < 0.01). Protein abundances were globally

normalized using in-house R scripts. Missing values were

imputed using k-nearest neighbors (kNN), and ComBat batch

correction was applied to reduce clustering driven by donor batches.

Differential expression data (Supplementary Table 2) was

filtered to only include proteins with 4 or more identified

peptides and a -log(pValue) above 1.3. Protein enrichment

analysis was conducted with STRING version 12.0 (https://string-

db.org) and graphed in GraphPad Prism.

Endolysosome co-localization

1x106 U937 cells were blocked prior to incubating with 40 μg/mL

IgG or QA79 and treated with 1.25 μg/mL Poly(I:C) LMW as

described above. Once collected, cells were incubated with

Fc block and viability dye for 10 minutes before staining with

anti-Siglec-7-PE for 30 minutes on ice. Intracellular markers were

stained using a FoxP3 staining kit (Invitrogen). Stained cells were

analyzed on a Cytek Amnis ImageStream Mk II. Quantification of

internalized Siglec-7 and co-localization with TLR3 was calculated

using IDEAs v6.3. IDEAS measures receptor internalization

by comparing fluorescence within a whole-cell mask to an

internal-cell mask that excludes the membrane region and focuses

on intracellular fluorescent signal. (https://cytekbio.com/

pages/imagestream).
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Antibodies can be found in Supplementary Table 1. All

antibodies were directly conjugated except for anti-TLR3 which

was conjugated with a Lightning-Link Conjugation Kit (Abcam).

Statistical analysis

Statistical analyses were carried out using GraphPad Prism and

details can be found in the figure legends. The data presented in this

article was considered statistically significant at p ≤ 0.05.
Results

Siglec-7 crosslinking reduced TNFa and
IFNa2 from activated TLR3 in U937 cells

Siglec proteins are known to negatively regulate TLR function,

preventing excessive inflammatory signaling (3–8). However, the

specific role of myeloid expressed Siglec-7 in regulating TLR-

induced cytokine production remains poorly understood. To

address this knowledge gap, we used the human monocytic U937

cell line, which exhibited high endogenous Siglec-7 and TLR3

expression (Figure 1A; Supplementary Figure 1A). Two Siglec-7

antibody clones with distinct functions were obtained: an agonist

clone QA79 (30, 31) and antagonist clone S7.7 (26, 40, 41). TLR3

was the initial focus due to the strong binding preference of Siglec-7

for TLR3 (12). QA79-mediated Siglec-7 crosslinking, unlike S7.7,

significantly reduced both TNFa and IFNa2 in U937 cells

stimulated with Poly(I:C) LMW (Figures 1B, C). Poly(I:C) HMW,

another TLR3 ligand, showed a similar reduction in TNFa but a

significant increase in IFNa2 upon Siglec-7 crosslinking

(Supplementary Figures 1B, C). Although cis-ligands typically

mask Siglec-7 and impair downstream signaling (42), removal

of cell surface glycans with sialidase did not abolish QA79’s

inhibitory activity. QA79 maintained a significant inhibitory

effect on Poly(I:C) LMW-induced TNFa production following

sialidase treatment (Figure 1B). However, QA79 showed only a

trending reduction of IFNa2 compared to IgG control after

sialidase treatment (Figure 1C). We observed reduced IFNa2
baseline levels in the IgG control group after sialidase treatment

compared to non-sialidase treated samples, which may account for

the non-significant difference in IFNa2 between QA79 and IgG

control conditions after sialidase treatment (Figure 1C). These

findings suggest that QA79 is a stronger agonist antibody than

S7.7 after F(ab’)2 crosslinking for Siglec-7-mediated inhibition of

TLR3 activation.

Next, we investigated whether Siglec-7 crosslinking could

inhibit TNFa produced from other TLRs. Crosslinking Siglec-7

with QA79 did not significantly reduce TLR4-induced TNFa after

LPS treatment (Supplementary Figure 1D). However, crosslinking

Siglec-7 and activating TLR7 and TLR8 with R848 significantly

reduced TNFa (Supplementary Figures 1E, F). This data showed

that crosslinking Siglec-7 with QA79 inhibited endosomal TLR-

mediated TNFa production, with the greatest effectiveness

against TLR3.
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Antibody engagement induced rapid
internalization of Siglec-7

It is understood that inhibitory receptors need to co-localize

with activation receptors to inhibit downstream signaling (43). We

studied whether cell surface Siglec-7 becomes internalized upon

antibody engagement to enable possible co-localization with TLR3.

U937 cells were preincubated with QA79 and Siglec-7 surface levels

were assessed with a fluorescent secondary antibody. Within

approximately 8 minutes, 50% of surface expressed Siglec-7 was

internalized (Figures 1D–F). After the initial rapid decrease in

surface Siglec-7, the amount of surface Siglec-7 steadily reduced

over the remaining 3 hours; although at a diminished rate

(Figures 1D–F).

Since the rapid internalization of Siglec-7 was induced by

antibody engagement, we wanted to investigate whether the

internalization was Siglec-7 specific or a FcgR-mediated uptake

process. To distinguish between these possibilities, we performed an

internalization experiment using Fc block prior to QA79

incubation. Fc blockade showed no impact on Siglec-7

internalization after either 5 or 30 minute QA79 treatment

compared to non-Fc block treated cells (Figures 1G, H),

confirming that the observed internalization of Siglec-7 reflects

Siglec-7-specific trafficking rather than non-specific FcgR-
mediated uptake.

Following receptor internalization, proteins are either recycled

or trafficked to endolysosome for degradation (44). To determine

the fate of Siglec-7 after internalization, immunoblot analysis was

performed. This revealed a significant decrease in total Siglec-7

within 30 minutes of QA79 treatment compared to IgG control

(Figures 1I, J). This rapid reduction suggests that internalized

Siglec-7 undergoes degradation rather than recycling, consistent

with a previous QA79-induced degradation study in Ba/F3

overexpression cells (45). Collectively, these findings establish

QA79-mediated crosslinking triggers rapid FcgR-independent
internalization of surface Siglec-7, providing a mechanistic basis

for the reduction in TLR3-induced TNFa in U937 cells.

Crosslinking Siglec-7 decreased TLR3-
mediated TNFa from primary monocytes
and macrophages

Cell lines have distinct immune responses and cytokine profiles

compared to primary immune cells due to altered signaling

components (46–49). To validate our U937 cell findings in

primary cells, we first characterized Siglec-7 expression across

human peripheral blood immune cells. Analysis revealed high

Siglec-7 expression, at both mRNA and protein levels, on myeloid

and NK cell populations (Figures 2A, B; Supplementary Figure 2).

Functionally, QA79-mediated Siglec-7 crosslinking on both

monocytes and macrophages reduced TNFa following Poly(I:C)

LMW stimulation, while effects on IFNa2 and other pro-

inflammatory cytokines were not significantly changed

(Figures 2C–F; Supplementary Figures 3A, B). Additionally, both

monocytes and macrophages exhibited rapid internalization of

surface Siglec-7 within 5 minutes of QA79 treatment (Figures 2G,
frontiersin.org
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FIGURE 1

Siglec-7 agonism reduced TLR3-induced pro-inflammatory cytokines and induced rapid internalization of Siglec-7. (A) Representative flow
cytometry histogram of Siglec-7 staining on U937 cells. Black: Isotype, Purple: Siglec-7 (n=3). TNFa (B) or IFNa2 (C) ELISA from baseline or 125 mU
sialidase treated U937 cells preincubated with 10 µg/mL IgG or QA79 for 30 minutes on ice prior to treating with 2 µg/mL F(ab’)2 and 1.25 µg/mL
Poly(I:C) LMW for 24 hours. Data are mean ± SEM, and statistics are a One-Way ANOVA with Tukey’s multiple comparison test; *p<0.05, **p<0.01
(n=4 experiments ran in triplicate). (D) Representative histogram of anti-mouse Alexa Fluor-647 staining of U937 cells preincubated with 5 µg/mL
IgG or QA79 for 30 minutes on ice prior to incubating at 37 °C for the indicated times. Normalized quantification to time-0 (E) or Raw MFI values (F)
from panel (D) Data are mean ± SEM, and statistics are a students T-test; **p<0.01. (n=2 experiments ran in duplicate). (G) Representative histogram
or (H) raw MFI values of anti-mouse Alexa Fluor-647 staining of U937 cells, with or without Fc block, followed by incubated with 5 µg/mL IgG or
QA79 for 30 minutes on ice before incubating at 37 °C for the indicated times. Data are mean ± SEM, and statistics are a students T-test; **p<0.01.
(n=2 experiments ran in duplicate). Representative western blot (I) or normalized Siglec-7 signal intensity (J) of U937 cells preincubated with 25 µg/
mL IgG or QA79 for 30 minutes on ice prior to incubating at 37 °C for the indicated times (in minutes) cotreated with 2 µg/mL F(ab’)2 and 1.25 µg/
mL Poly(I:C) LMW. Data are mean ± SEM, and statistics are a student’s T-test; *p<0.05, **p<0.01 (n=4).
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H). Together these data establish that rapid Siglec-7 internalization

and inhibition of TLR3-mediated TNFa production is a conserved

feature of myeloid cell biology.

Having confirmed rapid Siglec-7 internalization on primary

myeloid cells, we next examined the longer-term fate of Siglec-7

following QA79 engagement. Analysis of Siglec-7 surface levels on

macrophages 24 and 48 hours after QA79 treatment showed a

persistent and significant reduction (Figure 2I). The prolonged

reduction of surface Siglec-7 further supports Siglec-7 degradation

upon internalization and suggests minimal recycling or de novo

synthesis within 48 hours.

To further understand the pathways involved in QA79-mediated

Siglec-7 internalization, we conducted a proteomic analysis. To

induce robust downstream signaling events of Siglec-7,

macrophages were treated for 3 hours with plate-bound QA79.

Among all proteins in the dataset, Siglec-7 showed the most

significant decrease while TLR3 remained unchanged (Figures 2J;

Supplementary Table 2), consistent with our hypothesis of Siglec-7

specific degradation. Protein Set Enrichment analysis revealed QA79

treatment upregulated processes involved in multivesicular body

sorting, viral budding, and lysosomal transport (Figures 2J;

Supplementary Figure 3C). This was further confirmed by a

significant upregulation of ESCRT pathway components: VPS4A,

VPS4B, and VPS37A (Figure 2J). These findings suggest a pathway

wherein Siglec-7 undergoes receptor-mediated endocytosis with

endolysosomal trafficking and degradation. Collectively, our results

provided mechanistic insights into the antibody induced

internalization of Siglec-7 and demonstrated that QA79-mediated

crosslinking of Siglec-7 reduced TLR3-induced TNFa in both

primary monocytes and macrophages.

Siglec-7 is trafficked to the endolysosome
after rapid internalization

We hypothesized that rapid internalization of surface Siglec-7

facilitates endolysosomal trafficking and subsequent co-localization

with TLR3, leading to the reduction in TLR3-mediated TNFa. We

used image-based flow cytometry to assess time-dependent Siglec-7

co-localization with TLR3, Rab7a (late endosome marker), and

LAMP1 (lysosome marker) in QA79-treated U937 cells (Figure 3A).

Profiling cell masks generated by the IDEAs software,

approximately 50% of Siglec-7 is lost from both cell surface and

internal cell masks following QA79 treatment and Poly(I:C) LMW

stimulation (Figures 3B, C). The images also revealed distinct time-

dependent dynamics of Siglec-7 trafficking. Within 5–10 minutes,

internalized Siglec-7 rapidly co-localized with Rab7a and LAMP1-

positive endolysosome with minimal TLR3 overlap (Figure 3A). By

15–30 minutes, TLR3 was recruited to Siglec-7 positive

endolysosomes with a peak co-localization between Siglec-7 and

TLR3 occurring at 30 minutes (Figures 3A, D). Interestingly, co-

localization between Siglec-7, TLR3, and LAMP1 did not induce

TLR3 degradation (Figure 3A).

Next, we evaluated if the co-localization between internalized

Siglec-7 and TLR3 is dependent on Poly(I:C) LMW. After 30

minutes of QA79 treatment, there was a comparable reduction of

internalized Siglec-7 intensity with or without Poly(I:C) LMW
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(Figures 3E, F). Furthermore, the co-localization of internalized

Siglec-7 with TLR3 was similar with or without Poly(I:C) LMW

(Figures 3E, G). Our data demonstrated that upon antibody

engagement, Siglec-7 undergoes rapid endolysosome trafficking,

during which it co-localized with TLR3 through a mechanism

independent of TLR3 ligand presence.

Siglec-7 crosslinking inhibited TLR3-
mediated NF-kB phosphorylation

TLR3 promotes pro-inflammatory cytokine production

primarily through NF-kB activation (2). We next studied whether

the co-localization of internalized Siglec-7 with TLR3 after QA79

treatment reduced TLR3-induced NF-kB phosphorylation in U937

cells. Crosslinking Siglec-7 with QA79 decreased NF-kB
phosphorylation relative to total NF-kB after Poly(I:C) LMW

stimulation with a peak reduction occurring after 30 minutes

(Figures 4A, B). However, by 60 to 90 minutes the ratio of

phosphorylated NF-kB to total NF-kB was not significantly

changed between IgG isotype control and QA79 samples

(Figures 4A, B). This suggests that the loss of Siglec-7 inhibitory

function potentially enables restoration of phosphorylated NF-kB at

later timepoints.

Collectively, these time-dependent dynamics support a model

whereby selective Siglec-7 degradation diminished its inhibitory

capacity against TLR3 activation, thereby permitting restoration of

TLR3-mediated NF-kB signaling. Overall, QA79-mediated Siglec-7

crosslinking suppressed NF-kB phosphorylation following TLR3

activation, potentially contributing to the diminished TNFa
response in U937 cells, monocytes, and macrophages. (Figure 4C).
Discussion

The Siglec family of immune checkpoint receptors play critical

roles in maintaining tissue homeostasis with disruption of their

regulatory function being implicated in the pathogenesis of multiple

disease conditions (50, 51). It is evident that Siglec-7 can play key

roles in both oncology and immune-mediated inflammatory

disorders. In oncology, Siglec-7 function is widely characterized

in multiple tumor microenvironments, particularly with respect to

NK cell activity (52–54). Preclinical oncology models show that

antibody-mediated antagonism or degradation of Siglec-7

promoted NK cell-mediated cytotoxicity leading to reduced

tumor growth and increased survival of Siglec-7 antibody-treated

mice in those studies (55–57). Conversely, dysregulated Siglec-7 has

been implicated in relapsing-remitting Multiple Sclerosis, Type-2

Diabetes, and solid organ transplant rejection (27–29). In vitro,

QA79 antibody-mediated Siglec-7 crosslinking reduced GM‐CSF‐

induced eosinophil activation and IgE-mediated activation of mast

cells and basophils (30–32). In this study, we are the first to show

that QA79 antibody-mediated crosslinking of Siglec-7 and not S7.7

significantly inhibited TLR3-induced TNFa in U937 cells

(Figure 1B), monocytes (Figure 2C), and macrophages

(Figure 2E) compared to other activated TLRs (Supplementary
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FIGURE 2

Agonism of Siglec-7 decreased TLR3-mediated TNFa in primary monocytes and macrophages. (A) Relative Siglec-7 mRNA expression in human
blood immune cells (BLUEPRINT data set). (B) Representative Siglec-7 MFI of whole blood immunophenotyping (n=2). TNFa (C) or IFNa2 (D) ELISA
from primary human monocytes preincubated with 20 µg/mL IgG or QA79 for 30-minutes on ice before treating with 2 µg/mL F(ab’)2 and 1.25 µg/
mL Poly(I:C) LMW for 24-hours. Data are mean ± SEM, and statistics are a student’s T-test; *p<0.05 (n=3 donors). TNFa (E) or IFNa2 (F) ELISA from
primary human macrophages preincubated with 20 µg/mL IgG or QA79 for 30 minutes on ice before treating with 2 µg/mL F(ab’)2 and 1.25 µg/mL
Poly(I:C) LMW for 24 hours. Data are mean ± SEM, and statistics are a student’s T-test; *p<0.05 (n=3 donors). Normalized quantification to time-0 of
the anti-mouse Alexa Fluor-647 secondary to detect surface levels of Siglec-7 on primary human monocytes (G) or primary human macrophages
(H) post incubation at 37 °C with 5 µg/mL IgG or QA79. (n=3 donors). (I) Flow cytometry profiling of Siglec-7 on primary macrophages after
treatment at 37 °C with 5 µg/mL IgG or QA79 for the indicated timepoints. Data are mean ± SEM, and statistics are a student’s T-test; *p<0.05,
***p<0.001 (n=3 donors). (J) Volcano plot showing differential total protein abundance in primary macrophages stimulated for 3 hours at 37 °C on
plates coated with 15 µg/mL IgG or QA79. (n=3 donors).
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Figure 1). We also observed reduced NF-kB phosphorylation

(Figures 4A, B) following the rapid internalization and

endolysosomal trafficking of Siglec-7 where it co-localized with

TLR3 (Figure 3D).

Protein glycosylation plays critical roles in immune regulation

and diminished glycosylation can accelerate autoimmune disease

progression (58). Glycan-recognizing receptors require intact

ligand-bound glycan structures to initiate bidirectional signaling.

Several Siglecs bind to and negatively regulate TLR4-mediated

activity (3–9). When sialic acids were removed from TLR4,

Siglec-E could no longer bind TLR4 or recruit the inhibitory

phosphatases SHP-1 and SHP-2 to suppress TLR4 activation,
Frontiers in Immunology 08
resulting in enhanced pro-inflammatory cytokine production (7,

59). Disrupting the Siglec-TLR regulatory network may cause or

enhance pathological conditions. Future studies should evaluate

whether abnormal TLR3 glycosylation could affect the interaction

with Siglec-7, potentially dysregulating inflammation-mediated

immune responses.

Our study demonstrated that Siglec-7 performs distinct

functions depending on its cellular localization. At the cell

surface, myeloid-expressed Siglec-7 binds in trans to CD43

expressed on T cells (24–26). This Siglec-7:CD43 interaction

reduced T cell proliferation and skewed cells toward Th2 cytokine

production (26). Supporting this cell surface immunosuppressive
FIGURE 3

Siglec-7 is trafficked to the endolysosome after rapid internalization. (A) Representative ImageStream images of U937 cells treated with 40 µg/mL IgG or
QA79 for 30 minutes on ice prior to treating with 1.25 µg/mL Poly(I:C) LMW for the indicated timepoints. Arrows denote regions of signal overlap
between Siglec-7 and TLR3. Quantification of Siglec-7 intensity on a whole cell mask (B) or internal cell mask (C) from the data represented in panel (A)
Data are mean ± SEM. (n>500 cells per timepoint). (D) Quantification of Siglec-7:TLR3 co-localization using the Similarity Intensity index from the
internal cell mask of the data represented in panel (A) (n>500 cells per timepoint) (E) Representative ImageStream images of U937 cells treated with 40
µg/mL IgG or QA79 for 30 minutes on ice prior to incubating at 37 °C for 30 minutes without Poly(I:C) LMW. Arrows denote regions of signal overlap
between Siglec-7 and TLR3. Quantification of Siglec-7 Intensity in the internal cell mask (F) or Siglec-7:TLR3 co-localization using the Similarity Intensity
index from the internal cell mask (G). Data are mean ± SEM, and statistics are a student’s T-test; ****p<0.0001 (n>500 cells per timepoint).
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role, antibody-mediated antagonism of Siglec-7 (clone S7.7) in

mixed leukocyte reactions enhanced Th1 cytokine production

and, separately, promoted NK cell-mediated killing of Raji B cells

(26, 40). However, Siglec-7 engagement by QA79 on myeloid cells

triggered rapid FcgR-independent internalization (Figures 1D–H)

and endolysosomal trafficking of Siglec-7 (Figure 3). While other

Siglecs also undergo internalization and endolysosomal trafficking

(37, 60–62), our study discovered an unexpectedly rapid antibody-

mediated internalization rate of Siglec-7 (clone QA79) on

monocytes and macrophages (Figures 2G, H). This resembles

mouse Siglec-F, another CD33-related Siglec that is internalized

independently of clathrin and dynamin and is rapidly trafficked to

lysosomes (62). Once Siglec-7 localized to the endolysosome

(Figure 3), TLR3-mediated TNFa production (Figure 1B) and

NF-kB phosphorylation was reduced (Figure 4). Our data

suggests Siglec-7 also inhibits TLR7 and TLR8-mediated TNFa
production, though with somewhat lower potency (Supplementary

Figure 1E). Additional studies should examine if myeloid cells

internalize Siglec-7 during immune-mediated inflammatory

conditions and how Siglec-7 internalization affects TLR3 signaling.

TLR3 activation produces both pro-inflammatory cytokines

and type-1 interferons (2). As such, we also evaluated IFNa2
production following TLR3 activation. While TLR3-mediated
Frontiers in Immunology 09
TNFa was consistently reduced following QA79 antibody-

mediated Siglec-7 crosslinking, IFNa2 reduction was only

significantly reduced from U937 cells (Figure 1C) as compared to

monocytes (Figure 2D) and macrophages (Figure 2F). This

difference likely reflects inherent immune regulatory mechanisms

between myeloid cell lines and primary cells (46–49). The

differential regulation of TNFa versus IFNa2 by Siglec-7

following QA79 antibody treatment suggests a possible selective

mechanism whereby Siglec-7 agonism preferentially inhibits certain

specific TLR3 downstream adaptor proteins (63). This selectivity

may explain why QA79 crosslinking on U937 cells decreased IFNa2
after TLR3 activation (Figure 1C) but slightly increased IFNa2 after
TLR7 and TLR8 activation (Supplementary Figure 1F) (63). Future

mechanistic studies should examine how Siglec-7 crosslinking

affects TLR3 downstream adaptor protein recruitment and

activation in primary cells.

Most clinical stage immune checkpoint receptor agonist

antibodies (e.g., anti-PD1, Peresolimab, Rosnilimab, and anti-

BTLA, Venanprubart) target T and B cells (64, 65), yet myeloid-

directed approaches may offer advantages in pathologies where

myeloid inflammation drives T cell activation. Our data indicates

that Siglec-7 may have unexplored therapeutic potential in

pathologies driven by TLR3-mediated myeloid dysfunction, such as
FIGURE 4

Siglec-7 agonism reduces TLR3-mediated NF-kB phosphorylation. (A) Representative western blot analysis and (B) quantification of phosphorylated:
total NF-kB ratio of U937 cells preincubated with 25 µg/mL IgG or QA79 for 30 minutes on ice prior to incubating at 37 °C for the indicated times
cotreated with 2 µg/mL F(ab’)2 and 1.25 µg/mL Poly(I:C) LMW. Data are mean ± SEM, and statistics are a student’s T-test following Grubbs outlier
test; *p<0.05 (n ≤ 3). (C) Model showing following QA79 treatment, rapidly internalized Siglec-7 co-localized with TLR3 in the endolysosome,
leading to a peak reduction in NF-kB phosphorylation, after which Siglec-7 (but not TLR3) undergoes degradation, ultimately resulting in delayed
TLR3 signaling and NF-kB phosphorylation begins to recover. Model created with BioRender.com.
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solid organ transplant rejection. During early allograft rejection,

myeloid cells initially infiltrate the transplanted organ and

subsequently promote organ recipient T cell migration and

activation (29, 66, 67). TLR3 exhibits aberrant activation during

acute transplant rejection, while TLR3 knockout mice demonstrate

prolonged allograft survival compared to wild-type controls (68–71).

Notably, recent clinical findings linked elevated Siglec-7 expression

with improved allograft survival (29), suggesting that Siglec-7-

mediated regulation of myeloid activation may be protective in this

context. Conversely, elevated CD43 expression on CD8+ T cells was

associated with decreased allograft survival (72), and inflammation-

induced glycan shedding from T cells may disrupt the Siglec-7:CD43

interaction, thereby amplifying inflammatory responses (26, 73).

Autoimmune diseases, like Systemic Lupus Erythematosus

(SLE), are also characterized by myeloid dysfunction driven by

chronic endosomal TLR activation. In SLE, this stems from anti-

nucleic acid autoantibodies forming immune complexes that

facilitate self-nucleic acid endosomal uptake and increased type-1

interferon production (74, 75). Supporting a protective role for

Siglec-7 in SLE, Siglec-E knockout mice developed SLE-like

phenotypes including increased autoantibodies, immune complex

deposition, and renal pathology (75). Future studies should

investigate the therapeutic potential of targeting Siglec-7 and

disrupting TLR3 function in SLE. Collectively, these findings

suggest that antibody-mediated Siglec-7 agonism represents a

promising strategy to suppress myeloid cell activation during

inflammation-driven pathologies, thereby preventing subsequent

T cell activation and restoring immune homeostasis.

In conclusion, our results suggest Siglec-7 has unique

endolysosome functions. After screening multiple TLRs, we

show that Siglec-7 has a previously unrecognized role as an

inhibitory receptor for TLR3 in primary human monocytes and

macrophages. We demonstrate that Siglec-7 reduced TLR3-

mediated TNFa production and NF-kB phosphorylation after

treatment with F(ab’)2 crosslinked antibody clone QA79.

Moreover, this novel finding provides a strong rationale for

future analysis of Siglec-7 function in autoimmune disease

conditions and further investigation of whether Siglec-7

agonism can be beneficial to re-balance cellular pathologies

caused by aberrant TLR3 signaling.
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SUPPLEMENTARY FIGURE 1

Siglec-7 agonism of U937 cells inhibits proinflammatory cytokines from
endosomal TLRs. (A) Representative flow cytometry histogram of TLR3

staining in U937 cells. Black: Isotype, Purple: TLR3 (n=2). TNFa (B) or IFNa2
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(C) ELISA from U937 cells preincubated with 10 µg/mL IgG or QA79 for 30
minutes on ice prior to treating with 2 µg/mL F(ab’)2 and 1.25 µg/mL Poly(I:C)

HMW for 24 hours. Data are mean ± SEM, and statistics are a Student T-test;
*p<0.05 (n=3 experiments ran in triplicate). (D) TNFa ELISA from U937 cells

preincubated with 10 µg/mL IgG or QA79 for 30 minutes on ice prior to

treating with 2 µg/mL F(ab’)2 and 2 ng/mL LPS for 24 hours. Data are mean ±
SEM, and statistics are a Student T-test (n=2 experiments ran in triplicate).

TNFa (E) or IFNa2 (F) ELISA from U937 cells preincubated with 10 µg/mL IgG
or QA79 for 30 minutes on ice prior to treating with 2 µg/mL F(ab’)2 and 2.5

µg/mL R848 for 24 hours. Data are mean ± SEM, and statistics are a Student
T-test; *p<0.05 (n=3 experiments ran in triplicate).

SUPPLEMENTARY FIGURE 2

Gating strategy of human whole blood Siglec-7 immunophenotyping.

SUPPLEMENTARY FIGURE 3

Siglec-7 agonism indued minimal cytokine changes in primary cells. MSD

multiplex assay profiling additional cytokines known to be downstream of
TLR3 activation from primary human monocytes (A) or primary human

macrophages (B) preincubated with 20 µg/mL IgG or QA79 for 30 minutes

on ice prior to treating with 2 µg/mL F(ab’)2 and 1.25 µg/mL Poly(I:C) LMW
for 24 hours. (n=1 donor ran in triplicate). (C) Protein Set Enrichment

analysis of proteins significantly altered by a 3 hour stimulation with plate
bound QA79 compared to IgG control in primary macrophages.

(n=3 donors).
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