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Correspondence are closely related mast cell (MC) receptors with broad inhibitory activity, but whose
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Results: Siglec-6 and Siglec-8 were found in MCs within large complexes, interacting
with 66 and 86 proteins, respectively. Strikingly, Siglec-6 and Siglec-8 interacted with
a large cluster of proteins involved in IgE and non-IgE-mediated MC activation, includ-
ing the high affinity IgE receptor, stem cell factor (SCF) receptor KIT/CD117, IL-4 and
IL-33 receptors, and intracellular kinases LYN and JAK1. Protein interaction networks
revealed Siglec-6 and Siglec-8 had overlapping yet distinct MC functions, with a po-
tentially broader regulatory role for Siglec-6. Indeed, Siglec-6 preferentially interacted
with the mature form of KIT at the cell surface, and treatment with an anti-Siglec-6
antibody significantly inhibited SCF-mediated MC activation more in comparison to
targeting Siglec-8.

Conclusion: These data demonstrate a central role for Siglec-6 and Siglec-8 in con-
trolling MC activation through interactions with multiple activating receptors and key
signaling molecules. Our findings suggest that Siglec-6 has a role distinct from that
of Siglec-8 in regulating MC function and represents a distinct potential therapeutic

target in mast cell-driven diseases.
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GRAPHICAL ABSTRACT

Siglec family inhibitory receptors interact with multiple activating receptors and signaling molecules in mast cells. Comparative analysis of
Siglec-6 and Siglec-8 interactomes suggests distinct roles in mast cell regulation, with some functional overlap. Siglec-6 engagement appears
to elicit broader and more complete mast cell inhibition through ITAM and non-ITAM receptors than Siglec-8.

1 | INTRODUCTION
The dynamic nature of the immune system is held in balance by
mechanisms that maintain homeostasis amidst constant surveil-
lance, migration, and activation of immune cells.! Overstimulation
can lead to detrimental immune responses, while underactivity can
lead to uncontrolled infections, impaired wound healing, or devel-
opment of malignancies. Cell surface inhibitory receptors are gate-
keepers, or immune checkpoints, that prevent excessive cellular
immune responses by attenuating or terminating the activity of acti-
vating receptors. These receptors often use tyrosine signaling motifs
(e.g., immunoreceptor tyrosine-based inhibitory motif [ITIM], immu-
noreceptor tyrosine-based switch motif [ITSM]) to deliver inhibitory
signals.Z'3 While some inhibitory receptors (e.g., PD-1, CTLA-4, and
TIGIT) have been successfully targeted with blocking or antagoniz-
ing antibodies in cancer,*® agonistic antibodies are being developed
to engage inhibitory receptors to reduce inflammation via native in-
hibitory pathways.®

Sialic acid-binding immunoglobulin-like lectins (Siglecs) are a
family of inhibitory receptors primarily expressed on immune cells.
Most Siglecs contain intracellular ITIMs that recruit Src Homology
2 (SH2)-containing phosphatases (e.g., SHP-1, SHP-2, and SHIP1) to

activate inhibitory signaling pathways. Agonistic Siglec-binding anti-
bodies are broadly inhibitory across multiple immune cells, including
B cells, monocytes, and mast cells (MCs),” and are currently under
clinical investigation for several indications.®?

Siglec-6 and Siglec-8 are closely related molecules almost ex-
clusively expressed on MCs.X® In previous studies, engagement of
Siglec-6 or Siglec-8 with an agonistic monoclonal antibody (mAb)
inhibited FceRI-mediated MC activation in vitro and in vivo.}'!?
Siglec-6 and Siglec-8 also inhibited FceRI-independent MC acti-
vation following stimulation through cytokine receptors and G
protein-coupled receptors inter alia.**"*3"*> This FceRI-independent
activation is intriguing because ITIM-containing receptors are mainly
thought to recruit immunoreceptor tyrosine-based activation motif
(ITAM)-bearing receptors, such as FceRl, to induce MC inhibition,
as previously described for Siglec-8.1° Mechanisms of Siglec-6 and
Siglec-8 inhibition have yet to be characterized for non-ITAM signal-
ing, including the stem cell factor (SCF)/KIT (CD117) pathway, which
drives MC differentiation, migration, proliferation, and survival.”

To understand mechanisms of MC inhibition conferred by these
two Siglecs, we used unbiased proteomic profiling to identify cell
surface and intracellular proteins that interact with Siglec-6 or
Siglec-8 (i.e., “interactomes”) in culture-derived, primary MCs. We

85UB017 SUOWWIOD aA 81D 8ot |dde au Ag peusenof a1e ssjoie YO 8sn Jo 9| Joy Aeiq 1T 8uluQ 4|1/ UO (SUOIIPUOD-pUe-SWISIA0D A3 | 1M Ale.d 1 Ul uo//SAny) SUORIPUOD pue swis 1 8y 89S " [Z0zZ/T0/80] Uo ARiq18ulluo A8 |1 * Juswirede 801j0d PuY Juewiedeq Jyleys sepbuy S0 - ulsyR W ulig Ag #009T |lB/TTTT OT/I0p/W0d A3 | Im Ale.q 1 pul|uo//Sdny Wwouy pepeojumod ‘0 ‘S666865T



KORVER ET AL.

2lwiLey-2

investigated differential protein interactions between Siglec-6 and
Siglec-8 and how these interactions translate to inhibition of ITAM
and non-ITAM-activating receptors. Our findings provide insight
into the mechanisms used to mediate broad inhibition of activating
pathways within MCs and highlight Siglec-6 and Siglec-8 as distinct
targets for silencing aberrant MC activation in allergic and inflam-

matory diseases.

2 | METHODS

2.1 | Mouse bone marrow mast cell (BMMC)
generation and Fce RI-mediated activation

BMMCs were generated from femurs and tibias of Siglec-6 or
Siglec-8 C57BL/6 transgenic mice®'? and activated in vitro as pre-
viously described.’® BMMCs are referred to as $6-BMMC (from
Siglec-6 transgenic mice) and S8-BMMC (from Siglec-8 transgenic
mice). See Appendix S1 for details.

2.2 | Human tissue MC isolation and activation

Fresh human lung tissue was procured from healthy donors from the
Cooperative Human Tissue Network. Tissues were enzymatically
and mechanically dissociated using the gentleMACs™ Dissociator
system (Miltenyi Biotec, Germany), per manufacturer's protocol.
Cells were washed in phosphate-buffered saline (PBS) and resus-
pended in RPMI 1640+ 10% low IgG fetal bovine serum (FBS), then
plated in 96-well round bottom tissue culture plates at 3000 MC per
well and centrifuged for 2min at 400g. To assess the inhibitory activ-
ity through Siglecs, cells were resuspended in 10ug/mL anti-FceRlI
(clone CRA-1, Miltenyi Biotec), combined with various concentra-
tions of anti-Siglec-6 (clone AKO04, hlgG1, Allakos) and anti-Siglec-8
(2E2, hlgG1, Allakos) or isotype control mouse antibody (MOPC-21,
hlgG1, Allakos), at 4°C for 2min. Cells were washed in PBS, then in-
cubated at 4°C for 2min in PBS with 20pg/mL secondary antibody
AffiniPure F(ab’)2 Fragment goat anti-mouse IgG heavy chain and
light chain (H+L) (Jackson Immunoresearch, Cat. #109-006-088).
After an additional PBS wash, cells were resuspended and incu-
bated for 20min at 37°C for MC activation analysis. The percent-
age of CD63 (clone H5C6, Biolegend) and CD107a (clone H4A3, BD
Biosciences) expressing MCs was determined by flow cytometry on

a Novocyte Quanteon (Agilent).

2.3 | Immunoprecipitations (IP) for proteomics

Co-IPs on lysates from mouse BMMCs for proteomic analysis were
performed using the Dynabeads co-IP kit (Thermo) per manufac-
turer's instructions. The following antibodies were conjugated to
beads (40pg antibody/7.5mg beads/IP): rabbit isotype 1gG isotype
control (Thermo #31235), anti-Siglec-8 rabbit polyclonal Ab (pAb;

Thermo, PA5-28846), anti-Siglec-6 rabbit pAb (Thermo, PA5-82377
and HO0000946-D01P). 1.5x 108 BMMC were lysed in extraction
buffer B: 1xIP lysis buffer was added from the kit supplemented
with 100mM NaCl, 2mM MgCl,, 1mM DTT, and HALT protease in-
hibitors (Thermo) and samples were eluted in 1 mL of buffer HPH EB
(0.5M NH,OH, 0.5mM EDTA). Samples were frozen at -80°C until
analysis by liquid chromatography-mass spectrometry (LC-MS).

2.4 | Ethicsreview

Collection of human tissue was approved by the Vanderbilt
University Institutional Review Board (#031078, #010294). Animal
experiments were conducted in accordance with the National
Research Council's Guide for the Care and Use of Laboratory Animal

and in compliance with ARRIVE guidelines.

2.5 | Other

Methods for generating transgenic mice, BMMC activation, protein
extraction/digestion, MS, gel filtration chromatography, confocal
microscopy, transfections/IP/Western blot (WB), PNGase deglyco-
sylation, enzyme-linked immunosorbent assays (ELISA), and prot-

eomic data analysis are in Appendix S1.

3 | RESULTS

3.1 | Siglec-6 and Siglec-8 antibodies induce
differential inhibition of FceRI-activated MCs

Antibodies to Siglec-6 and Siglec-8 inhibit FceRI-mediated MC ac-
tivation.11121420 Comparison of Siglec-6 and Siglec-8 in human
lung tissue showed similar expression levels on MCs (Figure 1A-C).
These MCs were activated through FceRI using an anti-FceRI anti-
body (CRA-1), as previously described.?%?! After determining the
maximally MC-activating CRA-1 concentration (Figure S1A), titration
of anti-Siglec-6 and anti-Siglec-8 mAbs demonstrated inhibition of
FceRI-mediated degranulation (based on CD63 and CD107a expres-
sion) in a concentration-dependent manner (Figure 1D). Interestingly,
at higher concentrations, the anti-Siglec-6 mAb induced significantly
better inhibition than anti-Siglec-8 (Figure 1D). These data suggest
that Siglec-6 and Siglec-8 exhibit different degrees of inhibitory
activity in MCs, prompting us to investigate differences in protein-

protein interactions, using proteomic profiling.
3.2 | Development of a system to study
Siglec-6 and Siglec-8 interactomes

Evaluation of Siglec-6 transgenic mice demonstrated Siglec-6 was
highly and selectively expressed on MCs in tissues of the peritoneal
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FIGURE 1 Inhibition of MC activation through Siglec-6 and Siglec-8 engagement. (A) Schematic of human tissue MC activation assay.
(B) MC gating and Siglec-6/8 expression in human lung tissue by flow cytometry. (C) Expression levels of Siglec-6 and Siglec-8 on lung MC
from three donors. Expression is represented as delta median fluorescence intensity (AMFI) and was calculated by subtracting the MFI
from a fluorescence minus one (FMO) negative control. Data are plotted as mean +standard deviation. (D) Titration of anti-Siglec-6 and
anti-Siglec-8 monoclonal antibodies (mAbs) in combination with anti FceRI-mediated activation (10 ug/mL), percentage of CD63 (left panel)
and CD107a (right panel)-positive MC. (E) Expression of Siglec-8 (blue, left panel), Siglec-6 (orange, right panel) and FMO stain (gray) on
S8-BMMC or S6-BMMC, respectively, by flow cytometry. (F) Percentage of CD63-positive S8-BMMC or S6-BMMC: unstimulated (black
bars), cross-linked with the anti-FceRI antibody MAR-1 (250ng/mL) for 15min (gray bars) or co-cross-linked with MAR-1 and anti-Siglec-8
mADb (left panel: blue bar) or anti-Siglec-6 mAb (right panel: orange bar). (G) Percent reduction in CD63-positive BMMC after FceRI-mediated
activation in the presence of anti-Siglec-8 (blue) or anti-Siglec-6 (orange) mAbs. NS, unstimulated. Data are plotted as mean+SD (three
independent donors for Panel C and D; 5-6 mice/group for Panel F and G) and are representative of at least two experiments. *p <0.05;
****p <0.0001 by one-way ANOVA with Tukey multiple-comparisons test or Mann-Whitney U test.

cavity, stomach, and skin, but not on other immune cell populations long-term cultures in the presence of IL-3 while maintaining their
(Figure S2A-C). Additionally, peritoneal MCs from Siglec-6 trans- phenotype.%*® BMMC activation by anti-mouse FceRI (MAR-1) was
genic mice underwent IgE-mediated degranulation and were inhib- concentration-dependent (Figure S3D), and both anti-Siglec-6 and
ited with an anti-Siglec-6 mAb, demonstrating that MCs and Siglec anti-Siglec-8 mAbs significantly inhibited FceRI-mediated BMMC
receptors in the transgenic mice are functional (Figure S2D,E). degranulation (Figure 1F). Inhibition through Siglec-6 was signifi-

S6-BMMC and S8-BMMC expressed FceRl and KIT, as cantly better than Siglec-8 (Figure 1G), suggesting that the observed
well as functional human Siglec-6 or Siglec-8, respectively differential inhibitory activity between the 2 Siglecs mirrored that

(Figure 1E; Figure S3A-C). These BMMCs could be expanded in observed in human lung MCs described above.
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3.3 | Siglec-8 interacts with multiple activating
receptors in MCs

To investigate Siglec-8 protein complexes, we evaluated whole cell
lysates of S8-BMMC by size exclusion chromatography (SEC) and
detected Siglec-8 in complexes of various sizes up to 2000kDa
(Figure S4A), suggestive of an elaborate interactome. To elucidate
components of the Siglec-8 interactome, lysates from S8-BMMC
were immunoprecipitated with isotype control or an anti-Siglec-8
pAb (Figure 2A). The eluates from IPs from multiple BMMC donors
were digested and labeled by Tandem Mass Tag prior to analysis by
LC-MS, peptide identification, and quantification (Figure 2B).

We identified 86 intracellular and cell surface proteins in the

Siglec-8 co-IPs that were significantly enriched >1.5-fold, compared

to the isotype control. Strikingly, the core of the Siglec-8 interac-
tome consisted of receptors critical for MC survival and function,
including KIT, the gamma subunit of the high affinity receptor for
IgE (FceRI), the common beta and gamma chain subunits of cyto-
kine receptors required for, among others, IL-2-, IL-3-, IL-5-, and
(GM-CSF)-
mediated signaling, plus the IL-4 and IL-33 receptors (Figure 2C).

granulocyte-macrophage colony-stimulating factor

Signaling molecules associated with these activating receptors were
also identified as interacting partners with Siglec-8. These include
the tyrosine kinase LYN, essential for signaling through FceRI, and
the phosphatases CD45, SHP-1, and SHP-2. Furthermore, JAK1
and STATS5, important signaling molecules downstream of cytokine
receptors, were identified in the Siglec-8 interactome (Figure 2C;
Table 1). Analysis of Siglec-8 IPs by SEC confirmed the presence of
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FIGURE 2 Summary of the Siglec-8 interactome. (A) Silver stain gel of representative IPs from S8-BMMCs. Each lane represents about
4x10% BMMCs. S8=anti-Siglec-8 IP, iso=isotype control IP. (B) Schematic of the process for LC-MS. (C) Scatter plot of Log, fold-change
against statistical significance of Siglec-8 IPs versus isotype control. Highlighted are the key MC signaling proteins listed in Table 1. Predicted
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and WP processes represented in the Siglec-8 co-immunoprecipitated proteins, ordered by p-value. Size of the dot represents the number of

proteins associated with each pathway.
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FceRly in fractions representing high molecular weight (MW) com-
plexes >1000kDa (Figure S4B).

Enrichment analysis of biological processes, through gene on-
tology (GO), reactome (REAC), and WikiPathways (WP), confirmed
significant enrichment of proteins in pathways related to cyto-
kine signaling within the Siglec-8 interactome (Figure 2D). These
data demonstrate an expansive interactome consisting of multiple
key activating receptors and signaling molecules, suggesting that
Siglec-8 is involved in broad regulation of MC activation at multi-

ple levels.

3.4 | Siglec-6 and Siglec-8 interactomes contain
similarities and differences with key proteins that
regulate MC activity

Using the same approach, we identified Siglec-6 interacting pro-
teins in S6-BMMCs. Siglec-6 co-IPs from S6-BMMCs revealed
a total of 66 proteins that were significantly enriched >1.5-fold
relative to the isotype control (Figure 3A and Figure S4C). Most of
the same critical MC receptors and signaling molecules identified
in the Siglec-8 interactome were identified with Siglec-6, includ-
ing nine out of 13 critical MC activating receptors and signaling
molecules co-immunoprecipitated with Siglec-8 (Table 1). Siglec-6
co-1Ps contained the alpha and beta subunits of FceRI, potentially
explaining the more complete inhibition of IgE-mediated activa-
tion through Siglec-6 compared to Siglec-8. Although meaningful
similarities were found between the Siglec-6 and Siglec-8 inter-
actomes, substantial differences were observed in enrichment
analyses. The top 20 pathways enriched in the Siglec-6 interac-
tome included cytokine signaling through IL-3, IL-4, IL-5, and GM-
CSF, as was seen with Siglec-8. Additional pathways enriched in
Siglec-6 included SCF/KIT, thymic stromal lymphopoietin (TSLP)
signaling, pyruvate dehydrogenase, and regulation of metabolic
processes (Figure 3B).

To better understand the similarities and differences between
Siglec-6- and Siglec-8-interacting proteins, we generated heatmaps
to identify common interactors and those specific to Siglec-6 and
Siglec-8 (Figure 3C). The Siglec-6 and Siglec-8 co-IPs resulted in 66
and 86 proteins, respectively; 28 overlapped between both interac-
tomes (Figure 3D).

Proteins that were immunoprecipitated specifically with
Siglec-6 included different subunits of the FceRl receptor
(FCER1A and MS4A2), protein phosphatase subunits (PPP6R1 and
ANKRD44), proteins involved in microtubule dynamics and de-
granulation (TUBB5 and DOCK?2), the receptor for TSLP (CRLF2)
and the receptor LILRB4, implicated in inhibition of IgE-mediated
MC activation (Figure 3E).2? Additionally, Siglec-6 specifically in-
teracted with MC metabolism-related proteins, including DLAT,
PDHA1, and PDHX.

The interactome specific to Siglec-8 included the cytokine re-
ceptor subunits IL2Ry, the common gamma chain for several inter-
leukins and CSF3RB/CD131, the beta chain required for IL-3, IL-5,

and CSF signaling, the inhibitory receptor LILRB3, and a subunit of
the heterodimeric TGFp receptor TGFBR2 (Figure 3F).

3.5 | Siglec-6 and Siglec-8 interaction networks
within MCs

Next, we used the STRING (Search Tool for the Retrieval of
Interacting Genes/Proteins) database to link the proteins identi-
fied in the interactomes to known and predicted protein-protein
interaction networks.?® Several clusters were identified with repre-
sentations of proteins from both the Siglec-6 and Siglec-8 interac-
tomes. The largest such shared cluster contained proteins involved
in both cytokine signaling and signaling through FceRI (Figure 4A),
followed by proteins involved in protein processing in the endoplas-
mic reticulum (Figure 4B), nucleocytoplasmic transport (Figure 4C),
mitochondrial translocators (Figure 4D), ubiquitin protein ligase
machinery (Figure 4E), interferon-induced proteins (Figure 4F), and
TGFB signaling (Figure 4G). Siglec-6-specific clusters included pyru-
vate dehydrogenases (Figure 4H), the serine-threonine phosphatase
complex PPPé (Figure 41) and enzymes involved in pyrophosphate
metabolism (Figure 4J). No clusters were identified that only con-
tained Siglec-8 specific proteins. Taken together, these data suggest
the involvement of Siglec-6 and Siglec-8 in regulating an expansive
array of processes critical for MC responses to external stimuli, in-
tracellular signaling, and metabolism, through interaction with a di-
verse set of proteins, with a potentially broader regulatory role for

Siglec-6 than Siglec-8.

3.6 | Siglec-6, but not Siglec-8, interacts with KIT
on the MC surface

Due to an unexpectedly large number of non-ITAM receptors found
to interact with Siglec-6 and Siglec-8, Siglec-dependent inhibition
of the MC growth and survival receptor KIT was further examined.
To determine which domains were required for interaction with KIT,
plasmids expressing full-length Siglec-6 and Siglec-8 and 3 domain
mutants (Figure 5A), as well as full-length KIT, were transiently
transfected into BMMCs, and Siglec-KIT interactions were evalu-
ated by subsequent IP/WB. Upon transfecting full-length KIT into
BMMC, three KIT species of distinct MW were detected, represent-
ing different glycosylation levels (Figure $5).2* The high MW band
represented mature, fully glycosylated KIT, as demonstrated by re-
moving or preventing glycosylation (Figure S5A), and was the only
species present at the cell surface, as determined by biotinylation of
KIT-expressing cells (Figure $5B).2* While Siglec-6 interacted with
all three species of KIT (Figure 5B: left panels), Siglec-8 only inter-
acted with the two smaller, partially glycosylated, immature forms
found intracellularly (Figure 5B: right panels). The Ig-like C-type do-
main 2 was required for Siglec-8 interaction with KIT, while removal
of this domain from Siglec-6 did not affect its interaction with KIT
(Figure 5B: lane 3).
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FIGURE 3 Summary of the Siglec-6 interactome and comparison with Siglec-8. (A) Scatter plot of Log, fold-change against statistical
significance of Siglec-6 IPs versus isotype control. Highlighted are the key MC signaling proteins listed in Table 1. Predicted membrane/
surface proteins in magenta, solid outline; other proteins in gray, dashed outline. (B) Summary of the most significant GO, REAC, and WP

processes represented in the Siglec-6 co-immunoprecipitated proteins, ordered by p-value. Size of the dot represents the number of proteins

associated with each pathway. (C) Overview heatmap of all proteins significantly co-immunoprecipitated with either Siglec-8 (left) or Siglec-6
(right), further divided in three sections: (D) Common interactors between Siglec-6 and Siglec-8; (E) Siglec-6 specific; (F) Siglec-8 specific.

Ranked top to bottom by Log, fold-change for Siglec-6 (D +E) or Siglec-8 (F).
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FIGURE 4 STRING analysis of the Siglec-6 and Siglec-8 interactomes. Visual representation of the 10 largest clusters of protein
interactions involved in: (A) Cytokine/FceRlI signaling, (B) Protein processing in ER, (C) Nucleocytoplasmic transport, (D) Mitochondrial
translocation, (E) Ubiquitin ligase machinery, (F) Interferon-induced proteins, (G) TGFp signaling, (H) Pyruvate dehydrogenases, (I) PPP6
phosphatase complex, (J) Pyrophosphate metabolism. Proteins specific for the Siglec-6 interactome are depicted in orange, Siglec-8 proteins

in blue and common interactors in green.

Siglec/KIT interactions were confirmed by an ELISA-based di-
rect binding assay using both mouse and human recombinant KIT
protein, which demonstrated that Siglec-6 binds significantly better
to mouse and human KIT than Siglec-8 (Figure 5C,D). However, re-
moval of N-linked oligosaccharides from KIT significantly enhanced
Siglec-8 interaction via ELISA (Figure 5E).

3.7 | Siglec-6 inhibits KIT-mediated MC activation

We next asked whether differences in Siglec-6 and Siglec-8 inter-
actions with KIT led to functional differences in SCF-induced sign-
aling in MCs. In vitro MC survival assays with recombinant mouse
SCF were established using peritoneal MCs from Siglec-6 and
Siglec-8 transgenic mice. Addition of SCF enhanced MCsurvivaland
induced downregulation of CD117 in a concentration-dependent

manner, as expected (Figure S6A,B,D,E). Treatment with an anti-
Siglec-6 or anti-Siglec-8 mAb did not affect SCF-induced MC
survival. SCF also induced concentration-dependent MC activa-
tion (based on CD63 expression) as previously described.?®> SCF-
mediated MC activation was inhibited by an anti-Siglec-6, but not
anti-Siglec-8 mAb (Figure S6C,F). These findings suggest Siglec-6,
but not Siglec-8 inhibits SCF-mediated MC activation, but not
survival.

To evaluate if the in vitro findings translated to an in vivo system,
a model of SCF-mediated MC activation was evaluated in Siglec-6
transgenic mice (Figure 6A). Intravenous injection of recombinant
mouse SCF induced activation of peritoneal MCs, based on increased
CD63 and CD107a expression (Figure 6B,C and Figure S7A,B).
Dosing of an anti-Siglec-6 mAb prior to SCF injection in Siglec-6
transgenic mice inhibited SCF-mediated MC activation, based on
significant decreases in CD63 and CD107a expression and serum
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FIGURE 5 Distinctive KIT-Siglec interactions. (A) Graphical representation of full length and domain mutants of Siglec-6/8-FLAG
expressed in BMMC. 1=full-length, 2=Ig-like V-type (D1) deleted, 3=D1 and Ig-like C-type (D2) deleted, 4=intracellular domain deleted.
(B) Western blots of lysates and FLAG-IPs from BMMC co-transfected with Siglec-6 (left) and Siglec-8 (right) domain mutants 1-4 in
combination with full-length KIT (CD117)-HA. Top panels: immunoblot (IB) with anti-HA antibody. Bottom panels, IB with anti-FLAG. (C)
Binding of Siglec-8 (blue) and Siglec-6 (orange) to mouse KIT recombinant protein as determined by ELISA. (D) Binding of Siglec-8 (blue) and
Siglec-6 (orange) to human KIT. (E) Fold-change of binding of deglycosylated KIT to Siglec-8 compared to untreated (glycosylated KIT) to
Siglec-8. Data are plotted as mean+SD (3-7 biological replicates for Panel C-E). *p <0.05; ***p <0.001 by Mann-Whitney U test.

histamine, as well as significantly reduced infiltration of MCs into
the peritoneal cavity (Figure 6B and Figure S7A-D). Anti-Siglec-8
mAb administration prior to SCF injection in Siglec-8 transgenic
mice showed trends in inhibiting SCF-mediated MC activation and
peritoneal infiltration of MCs but had no effect on serum histamine
(Figures 6C and Figure S7B-D). The inhibitory effect of anti-Siglec-6
on SCF-mediated MC activation was greater than anti-Siglec-8 in
their respective transgenic mouse models (Figure 6D). These data

suggest that an anti-Siglec-6 mAb is a better inhibitor of SCF activa-
tion of MCs than anti-Siglec-8.

Lastly, human primary MCs (hMCs) were used to mechanis-
tically investigate Siglec-6 mediated inhibition of SCF activation.
Incubation of hMCs with recombinant human SCF induced STAT3
phosphorylation and translocation to the nucleus (Figure S7E),
which was strongly attenuated following treatment with an anti-
Siglec-6 mAb (Figure 6E,F). SCF also induced phosphorylation of
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FIGURE 6 Anti-Siglec-6 mAb treatment inhibits SCF-mediated MC activation. (A) Schematic of SCF-mediated MC activation model in
Siglec-6 and Siglec-8 transgenic mice (B) CD63 MFI or percentage of CD63+ peritoneal MCs in mice intraperitoneally dosed with 10mg/

kg anti-Siglec-6 mAb (orange) or isotype control (gray) and subsequently intravenously administered 50 pg/kg recombinant mouse SCF or
PBS (black). (C) CD63 MFI or percentage of CD63 positive peritoneal MCs in mice intraperitoneally dosed with 10 mg/kg anti-Siglec-8 mAb
(blue) or isotype control (gray) and subsequently intravenously administered 50 ug/kg recombinant mouse SCF or PBS (black). (D) Percent
inhibition of CD63 MFI or CD63 positive MCs in mice administered SCF and treated with a Siglec-6 (orange) or Siglec-8 (blue) mAb. (E)
Representative images of pSTAT3 and DAPI and (F) nuclear to cytoplasm ratio of pSTAT3 in hMCs unstimulated (black) or stimulated with
recombinant human SCF in the presence of isotype control (gray) or anti-Siglec-6 mAb (orange). Data are plotted as mean+SEM (Panel B-D:
pooled from two independent experiments with n=8-14 mice/group; Panel F: n=2 independent donors) *p <0.05; **p <0.01; ***p<0.001;
****p <0.0001 by one-way ANOVA with Tukey multiple-comparisons test or Mann Whitney U test.

p38 (another KIT signaling pathway), but anti-Siglec-6 mAb did not
modulate this pathway (Figure S7F), suggesting Siglec-6 does not in-
hibit all pathways downstream of KIT. These data demonstrate that
while engagement of either Siglec can inhibit SCF-mediated activa-
tion of MCs, anti-Siglec-6 mADb resulted in a more robust inhibitory
effect, possibly explained by the underlying differences in protein
interactions described above.

4 | DISCUSSION

Identification of protein-protein interactions is critical to under-
standing complex cellular functions, providing in-depth knowledge
of how cells respond to external signals. Inhibitory receptors are
important gatekeepers of activating signals in immune cells and
represent an emerging class of therapeutic targets for cancer and
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inflammatory diseases. While the function of inhibitory receptors
has been widely studied, mechanisms for regulating cellular acti-
vation are not well understood. This topic is of great importance
since the Siglec-6 and Siglec-8 inhibitory ITIM receptors have
shown promise as therapeutic targets for allergic and inflamma-
tory diseases. Antibodies targeting these receptors are in clinical
development, with the goal of dampening immune responses in
patients with MC-related diseases. Our study examines and com-
pares the inhibitory mechanisms conferred by these two important
receptors.

We discovered an extensive array of interacting proteins for
both Siglec-6 and Siglec-8 in MCs, suggestive of a broad regulatory
role in MC activation and, consistent with previous studies, showing
inhibition of both ITAM- and non-ITAM-containing activating recep-
tors. 111315 For example, the interaction between Siglec-8 and IL-
1RL1 (IL-33 receptor) aligns with data demonstrating that treatment
with an anti-Siglec-8 mAb inhibits IL-33-mediated MC activation.™®
Similarly, anti-Siglec-6 mAb inhibited IgE-mediated IL-4 production,
and an anti-Siglec-8 mAb has been shown to reduce TGFp levels, con-
sistent with its interaction with IL4R and TGFBR2, respectively.*>?°
Additionally, the effects of IL-3, IL-5, and GM-CSF on Siglec-8 signal-
ing have been studied in eosinophils and align with the interaction
with CSF2RB.?¢ Importantly, the interaction with broad-acting sig-
naling molecules, such as SHP-1/2, STATS5, JAK, and LYN, highlights
a potential mechanism for broad inhibition by Siglec-6 and Siglec-8
against different non-ITAM receptors, which are key molecules of
cytokine and growth factor signaling cascades. Notably, the majority
of the Siglec-6 and Siglec-8 interacting proteins found on the surface
of MCs were members of the Ig superfamily, suggestive of an evolu-
tionarily conserved mechanism to regulate cell activation. Although
our interactome findings align with previously published functional
data obtained from mouse and human mast cells, our methods relied
on identifying protein interactions in transgenic Siglec-6 or -8 mice
and will need additional validation in human mast cells that endoge-
nously express Siglecs.

We observed interactions between inhibitory and activating
membrane receptors in whole cell lysates that were subsequently
confirmed using co-IP with different antibodies, transfection of
cells with plasmids encoding human receptors, and identification
of interactions in large (>1000kDa) protein complexes. However,
we cannot rule out that vesicles or membrane fragments contain-
ing multiple receptors were pulled down in the co-IP experiments.
Nevertheless, our approach was validated by the presence of mul-
tiple intracellular signaling molecules, such as the well-established
ITIM motif-binding phosphatases, SHP-1 and SHP-2, and previ-
ously reported interactions with activating receptors, such as
FceRl, in the Siglec co-IPs in this study.?®2° We previously showed
that phosphorylation of ITIM motifs in Siglec-8 is required for in-
teraction with SHP-2 and that ITIMs are required for inhibition of
FceRl activation.'® While we have not investigated ITIM motifs in
the context of SCF signaling, the observed direct interactions with

signaling molecules, such as members of the JAK/STAT cascade,

suggest it is possible that Siglec receptors modulate responses in-
dependent of ITIM phosphorylation.

Siglec-6 and Siglec-8 interacted with different subunits of FceRlI,
suggesting functional differences. Siglec-6 co-IPs contained alpha
and beta subunits of FceRIl, whereas FceRly was the only subunit
that interacted significantly with Siglec-8. Our human and mouse
MC data suggest more complete inhibition of IgE-mediated MC
activation via Siglec-6 than Siglec-8. Notably, the Siglec-6, but not
Siglec-8, interactome contained multiple proteins involved in the py-
ruvate dehydrogenase (PDH) complex (DLAT, PDHA1, and PDHX),
a key regulator of the Krebs cycle and mitochondrial dynamics cru-
cial for MC function.?” Inhibition of PDH compromises MC function,
including FceRI-mediated degranulation and cytokine production.?®
Differences in MC inhibition between Siglec-6 and Siglec-8 might
also be influenced by antibody epitope and receptor cluster size,
which are important agonistic antibody characteristics for Siglec-6
and other inhibitory receptors.®?° Additional studies are needed to
elucidate specific mechanisms that contribute to differential FceRI-
inhibition via Siglec-6 and Siglec-8.

While both Siglecs immunoprecipitated KIT, only Siglec-6 inter-
acted with the fully glycosylated, mature cell surface receptor, while
Siglec-8 interacted with the less glycosylated intracellular species of
KIT. These observations help explain why anti-Siglec-6 mAb treat-
ment resulted in more effective inhibition of SCF-induced activation
and the overall broader MC inhibition through Siglec-6. Indeed, pro-
found Siglec-6-mediated inhibition was observed in an in vivo model
of KIT activation and in human MCs. Because anti-Siglec-6 mAb
administration has previously been shown to reduce MC numbers,
we cannot rule out the possibility that both cell depletion and ITIM
inhibition contribute to Siglec-6-dependent attenuation of SCF-
mediated MC activation. Interestingly, anti-Siglec-6 mAb treatment
did not affect MC survival in vitro, but did reduce SCF-mediated
activation, suggesting Siglec-6 inhibition is pathway-specific. KIT
activation triggers several signaling pathways (e.g., JAK/STAT, RAS/
MAPK, and PI3K) that may or may not interface with Siglec-6.2°
Our interactome data showed Siglec-6 interacted with JAK1 and
STAT5A, and functionally, anti-Siglec-6 mAb treatment inhibited
the translocation of STAT3, but not p38 phosphorylation upon SCF
activation, suggesting Siglec-6 regulates specific pathways of SCF-
mediated MC activation.

In conclusion, by leveraging the potential of proteomics to dis-
cover unexpected and functionally relevant relationships between
cell surface receptors and cellular pathways, we identified inter-
actional differences that help explain variations in the mechanistic
activity of Siglecs. Our findings suggest Siglec-6 has a distinct role
from Siglec-8 in regulating MC function and represents a potential
therapeutic target in MC-driven diseases.

AUTHOR CONTRIBUTIONS

WK, ZB, AW, KC, RS, NDF, and TL conducted the experiments; WK,
ZB, JL, and JS designed the experiments; GLN analyzed the prot-
eomics data; WK and BAY wrote the paper.

85UB017 SUOWWIOD aA 81D 8ot |dde au Ag peusenof a1e ssjoie YO 8sn Jo 9| Joy Aeiq 1T 8uluQ 4|1/ UO (SUOIIPUOD-pUe-SWISIA0D A3 | 1M Ale.d 1 Ul uo//SAny) SUORIPUOD pue swis 1 8y 89S " [Z0zZ/T0/80] Uo ARiq18ulluo A8 |1 * Juswirede 801j0d PuY Juewiedeq Jyleys sepbuy S0 - ulsyR W ulig Ag #009T |lB/TTTT OT/I0p/W0d A3 | Im Ale.q 1 pul|uo//Sdny Wwouy pepeojumod ‘0 ‘S666865T



KORVER ET AL.

2 wiLey-L2

ACKNOWLEDGMENTS
Ingrid Koo, PhD, provided editorial support, funded by Allakos, Inc.
We thank Drs. Bruce Bochner and Robert Schleimer for critical read-

ing of the manuscript.

FUNDING INFORMATION

Allakos, Inc.

CONFLICT OF INTEREST STATEMENT
WK, ZB, AW, KC, JL, ND, TL, JS, and BAY are employees of and/or
own stock options in Allakos, Inc. GLN is a consultant for Allakos, Inc.

DATA AVAILABILITY STATEMENT
The mass spectrometry proteomics data have been deposited to the

ESO

ProteomeXchange Consortium via the PRID partner repository

with the dataset identifier PXD043852.

ORCID

Wouter Korver "= https://orcid.org/0009-0003-1869-2631
https://orcid.org/0000-0002-8679-7545

https://orcid.org/0009-0001-9310-4102

https://orcid.org/0000-0001-7722-8888

Zachary Benet
Alan Wong
Gian Luca Negri

Katherine Chang " https://orcid.org/0009-0003-0390-8479
Robert Sanchez "= https://orcid.org/0000-0002-0789-1737
John Leung " https://orcid.org/0009-0008-4352-8557

Naomi De Freitas " https://orcid.org/0000-0001-8697-0451

https://orcid.org/0000-0003-3068-2121
https://orcid.org/0009-0000-7422-5403

https://orcid.org/0000-0002-2138-2031

Thuy Luu
Julia Schanin
Bradford A. Youngblood

REFERENCES

1. Huntington ND, Gray DH. Immune homeostasis in health and dis-
ease. Immunol Cell Biol. 2018;96(5):451-452.

2. Ravetch JV, Lanier LL. Immune inhibitory receptors. Science.
2000;290(5489):84-89.

3. Rumpret M, Drylewicz J, Ackermans LJE, Borghans JAM, Medzhitov
R, Meyaard L. Functional categories of immune inhibitory recep-
tors. Nat Rev Immunol. 2020;20(12):771-780.

4. Esfahani K, Roudaia L, Buhlaiga N, Del Rincon SV, Papneja N, Miller
WH Jr. A review of cancer immunotherapy: from the past, to the
present, to the future. Curr Oncol. 2020;27(Suppl 2):587-S97.

5. Waldman AD, Fritz JM, Lenardo MJ. A guide to cancer immunother-
apy: from T cell basic science to clinical practice. Nat Rev Immunol.
2020;20(11):651-668.

6. Paluch C, Santos AM, Anzilotti C, Cornall RJ, Davis SJ. Immune
checkpoints as therapeutic targets in autoimmunity. Front Immunol.
2018;9:2306.

7. Duan S, Paulson JC. Siglecs as immune cell checkpoints in disease.
Annu Rev Immunol. 2020;38:365-395.

8. Murugesan G, Weigle B, Crocker PR. Siglec and anti-Siglec thera-
pies. Curr Opin Chem Biol. 2021;62:34-42.

9. O'Sullivan JA, Youngblood BA, Schleimer RP, Bochner BS. Siglecs as
potential targets of therapy in human mast cell- and/or eosinophil-
associated diseases. Semin Immunol. 2023;69:101799.

10. Bochner BS, O'Sullivan JA, Chang AT, Youngblood BA. Siglecs in
allergy and asthma. Mol Aspects Med. 2023;90:101104.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Robida PA, Rische CH, Morgenstern NB, et al. Functional and
phenotypic characterization of Siglec-6 on human mast cells. Cell.
2022;11(7):1138.

Yokoi H, Choi OH, Hubbard W, et al. Inhibition of FcepsilonRI-
dependent mediator release and calcium flux from human mast
cells by sialic acid-binding immunoglobulin-like lectin 8 engage-
ment. J Allergy Clin Immunol. 2008;121(2):499-505 e491.

Schanin J, Gebremeskel S, Korver W, et al. A monoclonal anti-
body to Siglec-8 suppresses non-allergic airway inflammation and
inhibits IgE-independent mast cell activation. Mucosal Immunol.
2021;14(2):366-376.

Benet Z, Wong A, Schanin J, Youngblood BA. 287 targeting the
inhibitory receptor Siglec-8 on mast cells represents an attractive
approach to reduce MRGPRX2-mediated mast cell activation. Br J
Dermatol. 2023;188(Supplement_2):1jac140.003.

Gebremeskel S, Davis T, Wong A, et al. A Siglec-8 antibody reduces
substance P-induced inflammation by inhibiting MRGPR-mediated
mast cell activation. Allergy. 2020;75(5109):1374.

Korver W, Wong A, Gebremeskel S, et al. The inhibitory receptor
Siglec-8 interacts with FcepsilonRI and globally inhibits intracellu-
lar signaling in primary mast cells upon activation. Front Immunol.
2022;13:833728.

Okayama Y, Kawakami T. Development, migration, and survival of
mast cells. Immunol Res. 2006;34(2):97-115.

Schanin J, Luu T, Korver W, et al. An agonistic monoclonal antibody
against Siglec-6 selectively inhibits and reduces human tissue mast
cells. European Academy of Allergy and Clinical Inmunology. 2023;78:8.
Youngblood BA, Brock EC, Leung J, et al. Siglec-8 antibody reduces
eosinophils and mast cells in a transgenic mouse model of eosino-
philic gastroenteritis. JCI Insight. 2019;4(19):e126219.

Schanin J, Korver W, Brock EC, et al. Discovery of an agonis-
tic Siglec-6 antibody that inhibits and reduces human mast cells.
Commun Biol. 2022;5(1):1226.

Kerr SC, Gonzalez JR, Schanin J, et al. An anti-siglec-8 antibody de-
pletes sputum eosinophils from asthmatic subjects and inhibits lung
mast cells. Clin Exp Allergy. 2020;50(8):904-914.

Katz HR, Vivier E, Castells MC, McCormick MJ, Chambers JM,
Austen KF. Mouse mast cell gp49B1 contains two immunoreceptor
tyrosine-based inhibition motifs and suppresses mast cell activa-
tion when coligated with the high-affinity Fc receptor for IgE. Proc
Natl Acad Sci U S A. 1996;93(20):10809-10814.

Szklarczyk D, Kirsch R, Koutrouli M, et al. The STRING database in
2023: protein-protein association networks and functional enrich-
ment analyses for any sequenced genome of interest. Nucleic Acids
Res. 2023;51(D1):D638-D646.

Shi X, Sousa LP, Mandel-Bausch EM, et al. Distinct cellular prop-
erties of oncogenic KIT receptor tyrosine kinase mutants enable
alternative courses of cancer cell inhibition. Proc Natl Acad Sci U S
A.2016;113(33):E4784-E4793.

Lewis A, Wan J, Baothman B, Monk PN, Suvarna SK, Peachell PT.
Heterogeneity in the responses of human lung mast cells to stem
cell factor. Clin Exp Allergy. 2013;43(1):50-59.

Youngblood BA, Leung J, Falahati R, et al. Discovery, function, and
therapeutic targeting of Siglec-8. Cell. 2020;10(1):19.

Chelombitko MA, Chernyak BV, Fedorov AV, Zinovkin RA, Razin
E, Paruchuru LB. The role played by mitochondria in FcepsilonRI-
dependent mast cell activation. Front Immunol. 2020;11:584210.
Sharkia I, Hadad Erlich T, Landolina N, et al. Pyruvate dehydro-
genase has a major role in mast cell function, and its activity is
regulated by mitochondrial microphthalmia transcription factor. J
Allergy Clin Immunol. 2017;140(1):204-214 €208.

Kim MS, Radinger M, Gilfillan AM. The multiple roles of phos-
phoinositide 3-kinase in mast cell biology. Trends Immunol.
2008;29(10):493-501.

85UB017 SUOWWIOD aA 81D 8ot |dde au Ag peusenof a1e ssjoie YO 8sn Jo 9| Joy Aeiq 1T 8uluQ 4|1/ UO (SUOIIPUOD-pUe-SWISIA0D A3 | 1M Ale.d 1 Ul uo//SAny) SUORIPUOD pue swis 1 8y 89S " [Z0zZ/T0/80] Uo ARiq18ulluo A8 |1 * Juswirede 801j0d PuY Juewiedeq Jyleys sepbuy S0 - ulsyR W ulig Ag #009T |lB/TTTT OT/I0p/W0d A3 | Im Ale.q 1 pul|uo//Sdny Wwouy pepeojumod ‘0 ‘S666865T


https://orcid.org/0009-0003-1869-2631
https://orcid.org/0009-0003-1869-2631
https://orcid.org/0000-0002-8679-7545
https://orcid.org/0000-0002-8679-7545
https://orcid.org/0009-0001-9310-4102
https://orcid.org/0009-0001-9310-4102
https://orcid.org/0000-0001-7722-8888
https://orcid.org/0000-0001-7722-8888
https://orcid.org/0009-0003-0390-8479
https://orcid.org/0009-0003-0390-8479
https://orcid.org/0000-0002-0789-1737
https://orcid.org/0000-0002-0789-1737
https://orcid.org/0009-0008-4352-8557
https://orcid.org/0009-0008-4352-8557
https://orcid.org/0000-0001-8697-0451
https://orcid.org/0000-0001-8697-0451
https://orcid.org/0000-0003-3068-2121
https://orcid.org/0000-0003-3068-2121
https://orcid.org/0009-0000-7422-5403
https://orcid.org/0009-0000-7422-5403
https://orcid.org/0000-0002-2138-2031
https://orcid.org/0000-0002-2138-2031

KORVER ET AL.

30. Perez-Riverol Y, Bai J, Bandla C, et al. The PRIDE database re-
sources in 2022: a hub for mass spectrometry-based proteomics
evidences. Nucleic Acids Res. 2022;50(D1):D543-D552.

SUPPORTING INFORMATION
Additional supporting information can be found online in the

Supporting Information section at the end of this article.

How to cite this article: Korver W, Benet Z, Wong A, et al.
Regulation of mast cells by overlapping but distinct protein
interactions of Siglec-6 and Siglec-8. Allergy. 2024;00:1-14.
doi:10.1111/all.16004

85UB017 SUOWWIOD aA 81D 8ot |dde au Ag peusenof a1e ssjoie YO 8sn Jo 9| Joy Aeiq 1T 8uluQ 4|1/ UO (SUOIIPUOD-pUe-SWISIA0D A3 | 1M Ale.d 1 Ul uo//SAny) SUORIPUOD pue swis 1 8y 89S " [Z0zZ/T0/80] Uo ARiq18ulluo A8 |1 * Juswirede 801j0d PuY Juewiedeq Jyleys sepbuy S0 - ulsyR W ulig Ag #009T |lB/TTTT OT/I0p/W0d A3 | Im Ale.q 1 pul|uo//Sdny Wwouy pepeojumod ‘0 ‘S666865T


https://doi.org/10.1111/all.16004

	Regulation of mast cells by overlapping but distinct protein interactions of Siglec-­6 and Siglec-­8
	Abstract
	1|INTRODUCTION
	2|METHODS
	2.1|Mouse bone marrow mast cell (BMMC) generation and FcεRI-­mediated activation
	2.2|Human tissue MC isolation and activation
	2.3|Immunoprecipitations (IP) for proteomics
	2.4|Ethics review
	2.5|Other

	3|RESULTS
	3.1|Siglec-­6 and Siglec-­8 antibodies induce differential inhibition of FcεRI-­activated MCs
	3.2|Development of a system to study Siglec-­6 and Siglec-­8 interactomes
	3.3|Siglec-­8 interacts with multiple activating receptors in MCs
	3.4|Siglec-­6 and Siglec-­8 interactomes contain similarities and differences with key proteins that regulate MC activity
	3.5|Siglec-­6 and Siglec-­8 interaction networks within MCs
	3.6|Siglec-­6, but not Siglec-­8, interacts with KIT on the MC surface
	3.7|Siglec-­6 inhibits KIT-­mediated MC activation

	4|DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	FUNDING INFORMATION
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


