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Abstract

Mast cells and eosinophils are innate immune cells involved in both acute and chronic
inflammatory responses. Siglecs are a family of cell surface receptors that share sialic acid binding
activity. Over the past 20 years, our knowledge of the expression and function of Siglecs on cells
of the immune system and others has greatly expanded, as has our understanding of their
signaling, ligands, and possible roles in disease pathophysiology. Because of this, Siglecs have
garnered interest as potential drug targets using strategies ranging from biologics to ligand-
directed nanoparticles. This mini-review will highlight the state of our knowledge regarding
human eosinophil and mast cell Siglecs, their biology, what they recognize, tools developed for in
vitro and preclinical experimentation, and the status of ongoing efforts to develop drugs that
engage eosinophil and mast cell Siglecs for potential therapeutic benefit.
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1| INTRODUCTION

Siglec, or sialic acid-binding immunoglobulin-like lectin, is a term that was adopted in
1998 to describe a group of receptors within the sub-family of I-type (immunoglobulin-
type) lectins.23 These are single-pass cell surface receptors whose N terminus consists of a
sialic acid binding lectin domain and whose C-terminal cytoplasmic region typically, but not
uniformly, contains conserved signaling domains. At the time of the adoption of this new
nomenclature, there were 5 known Siglecs: sialoadhesin (Siglec-1), CD22 (Siglec-2), CD33
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(Siglec-3), and 2 myelin-associated proteins (Siglec-4a and Siglec-4b). Within a decade, the
number of mammalian Siglecs expanded dramatically, as did our understanding of the
function and expression of these molecules on leukocytes and other cells that express them,
including myelinated cells and placental trophoblasts.*> One of the conspicuous aspects of
Siglecs is their restricted pattern of cell surface expression (Fig. 1), a character-istic that,
along with their specificity for differing sialoside ligands, pro-vides each Siglec with its own
distinct biology. This review will focus on the subset of Siglecs expressed on mast cells and
eosinophils, cells associated with a range of functions and disease pathology.5.7

2| EOSINOPHIL SIGLEC BIOLOGY

Several Siglec family members are known to be expressed by human eosinophils, including
Siglec-3/CD33, Siglec-7, -8, and —10 (Fig. 1).8-13 Transcriptional profiling of human
circulating eosinophils in patients with severe asthma, parasitic disease, aspergillosis, and
dermatologic disease as well as healthy controls shows that SIGLEC7, SIGLECS, and
SIGLEC10 mRNA levels are the highest of the Siglecs detected by RNA hybridization using
Agilent microarrays (CD33 was not included, for example), with SIGLEC8 and SIGLEC10
levels approximately equiva-lent and exceeding those of SIGLEC7.14 These findings were
consistent with unbiased proteomic profiling of purified human eosinophils.13 Once on the
cell surface, levels of eosinophil Siglecs remain relatively stable in blood and tissue
compartments as well as disease states,12-18 although minor changes in surface expression
of eosinophil Siglec-7 and Siglec-8 have been reported under some in vitro and clinical
situations.®19 Soluble forms of Siglec-7 and Siglec-8, typically in the range of low
nanogram per milliliter concentrations, have been detected in serum. For Siglec-7, but not
for Siglec-8, these levels cor-relate with absolute eosinophil counts in blood, while higher
levels of soluble levels of Siglec-8 was reported in the serum of severe asthmatics compared
to healthy controls.?15.20 Regarding other examples of studies of soluble forms of Siglecs
that could originate from mast cells and/or eosinophils, soluble Siglec-5 levels in saliva were
found to be elevated in Sjogren’s syndrome compared to controls2! and blood levels of
soluble CD22 were elevated in hairy cell leukemia.?2 In general, however, the biological,
pharmacologic, and functional significance of soluble forms of Siglecs remains uncertain
and unlikely to be clinically relevant for Siglec-targeting therapeutics due to the low
concentrations found in serum.

Regarding structure and function, the most extensively studied among eosinophil Siglecs is
Siglec-8, which was discovered by sequencing of a cDNA library from eosinophils isolated
from a patient with hypereosinophilic syndrome.10:11 The form of Siglec-8 that was
originally identified possessed a short cytoplasmic domain lacking any known signaling
motif; however, a variant generated by alternative exon usage included a longer cytoplasmic
domain containing an ITIM and a cytoplasmic motif similar to an immunoreceptor tyrosine-
based switch motif (ITSM).23 These forms have come to be known as the short form of
Siglec-8 versus the full-length form, the long form, or just Siglec-8, respectively.
Eosinophils have been found to express both variants at the mRNA level and by western
blotting, although the long form appeared to be more abundantly and consistently expressed
in these cells, suggesting that Siglec-8 is mainly found as the long form.24:2
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Siglec-8 is expressed relatively late in eosinophil development, reaching peak expression
levels after the secondary granule protein MBP1.18 Consistent with this, Siglec-8 is not
detected on eosinophil or eosinophil-like cell lines that are thought to be poorly
differentiated such as EoL-1 or AML14.3D10 cells, nor on EoL-3 or HL-60 cells, even after
treatment with sodium butyrate to promote eosinophilic differentiation.11:18 Indeed, the
transcription factor Olig2, expressed late in eosinophil development, appears to play a role in
promoting SIGLECS transcription.26 Nevertheless, certain eosinophil cell lines, such as
EoL-1 or AML14.3D10, express Olig2 but not Siglec-8, demonstrating that Olig2
expression by itself is insufficient to permit Siglec-8 expression.

Structures that engage Siglec-8 have been used to study its function, which also depends on
the activation state of the eosinophil. For example, the effect of Ab ligation of Siglec-8 on
human eosinophils depends on the extent of cross-linking or the priming status of the cell.
There has been no effect detected when Siglec-8 is ligated with an mAb alone in vitro on
non-cytokine-primed eosinophils; however, the addition of a secondary Ab to enhance cross-
linking or the Ab engagement of Siglec-8 on eosinophils primed with IL-5, GM-CSF, or
IL-33 leads to the death of the cell.22:27 This form of cell death involves reactive oxygen
species production but appears to be caspase-dependent in the absence of priming and
caspase-independent in its presence.28:29 The mode of cell death induced in cytokine-primed
eosinophils via Siglec-8 engagement and the precise mechanism underlying the actions of
IL-5, GM-CSF, or IL-33 in this context have not yet been fully char-acterized. Ab or
artificial ligand binding of the receptor on cytokine-primed eosinophils leads to a signaling
pathway involving PI3K, Racl, and MEK1/2; the induction of B2-integrin-dependent
adhesion; and the generation of reactive oxygen species via NADPH oxidase, eventually
culminating in cell death.30-32 Ab ligation of Siglec-8 also induces receptor endocytosis in a
tyrosine kinase-, protein kinase C-, and actin rearrangement-dependent manner that is
influenced by the ITIM but not the ITSM-like motif.33

Regarding Siglec-7, human eosinophils in the blood and in nasal polyp tissue express
Siglec-7, albeit at levels well below those found on natural killer (NK) cells.93435 Ap
ligation of Siglec-7 on eosinophils leads to rapid phosphorylation of SHP-1 and trends
toward reductions in the GM-CSF-induced phosphorylation of ERK1/2 and p38.° This
receptor is up-regulated on eosinophils upon overnight stimulation with IL-5 or GM-CSF.
Unlike Siglec-8, Ab ligation of Siglec-7 does not lead to cytokine-primed eosinophil cell
death but instead partially inhibits the degranulation, cytokine release, and CD69 surface up-
regulation that accompanies GM-CSF stimulation.®

CD33 (or Siglec-3) has been found to be expressed on hematopoietic stem cells, where it
remains at moderate levels on immature eosinophils then levels decline over time such that
mature eosinophils express only low levels.36:37 CD33 acts to inhibit cellular activation on
other cell types through the phosphatases SHP-1 and SHP-238; however, its function on
human eosinophils is unknown. Similarly, while multiple isoforms of Siglec-10 are
expressed by human peripheral blood eosinophils,1213:39 there are no published reports
examining Siglec-10 function on these cells.

J Leukoc Biol. Author manuscript; available in PMC 2021 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

O’Sullivan et al.

Page 4

3| MAST CELL SIGLEC BIOLOGY

Human mast cells express Siglec-2/CD22, Siglec-3/CD33, and Siglec-5, -6, -7, -8, and
-10, with levels of Siglec-2, -5, and —10 being low.11:18:40-43 Compared to the study of
Siglec function on eosinophils, less is known about their biology on mast cells. In general,
the preclinical study of mast cell Siglec function has yielded 1 main functional theme
involving inhibitory biology mediated via the canonical effects of the cytoplasmic ITIM,
such as studies targeting Siglec-7 or Siglec-8, where inhibition of allergic secretory
responses has been demonstrated.16:43:44 Siglec-6, among the most prominently expressed
Siglecs on mast cells,041 appears to mediate more modest inhibition of secretion.4>
Additional studies showed that CD33 targeting with liposomal nanoparticles, by co-
engagement of FceRlI, profoundly protects from anaphylaxis, both in humanized mouse
models and primary human mast cells.#! Interestingly, this paper and others report the
detection of low levels of CD22 mRNA and/or surface expression on mast cells*%4% or none
at all.#6 Regardless, to date there are no published data to support any function of CD22 on
mast cells, nor any reports of anti-CD22 mAb (e.g., inotuzumab ozogamicin) depleting mast
cells in patients with B cell disorders. Similarly, while low levels of Siglec-5 and Siglec-10
mMRNA and surface expression have been detected in or on some mast cells or mast cell
lines, 404245 their biology on these cells is unknown, although it has been shown that when
Siglec-5 is transfected into rat basophilic leukemia cells, it functions as a phosphatase-
dependent inhibitor of FceRI-mediated secretion.*” Finally, whenever inhibitory biology has
been observed, the ITIM domain and phosphatases have been implicated.41:44:48 This
concept is not unique to mast cells, as there are many other examples of similar inhibitory
biology with other Siglecs and other cells, including B cells, T cells, M&s, and NK cells.
49-56 Finally, most Siglecs undergo endocytosis following engagement,>” and this process
has been exploited to kill malignant mast cells in vitro by targeting Siglec-8 with an Ab-
toxin conjugate.33

4| NOVEL CELLULAR AND OTHER PRECLINICAL TOOLS TO STUDY
SIGLEC BIOLOGY

4.1| Celllines and transfectants

Efforts to study Siglec-8 biology by modulating receptor expression or mutating key
residues of the receptor have been hampered by the lack of an eosinophilic cell line that
expresses Siglec-8 at the cell surface, including those treated with sodium butyrate to induce
further eosinophilic maturation.11:18 However, other cell lines (e.g., COS-1, HEK293T, and
CHO cells) have been transfected with full-length SIGLECS or versions in which the ITIM
or ITSM-like tyrosine residues have been converted to phenylalanine residues, permitting
studies of ligand binding,10-11.30.58 the roles of these cytoplasmic signaling motifs in
receptor endocytosis,33 and the inhibition of mediator release.** In contrast, at least some
human mast cell lines express lower levels of Siglec-8 at the cell surface, including certain
lines or passages of HMC-1.2, LAD2 cells, and LUVA cells,18:33 while cell-surface Siglec-8
is either absent or low in HMC-1.1 cells.18:40 Whether any of the eosinophilic cell lines
express other Siglec family members typically found in eosinophils has not yet been
reported. Numerous cell lines that are not eosinophil-or mast cell-like have been found to
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express some of these Siglecs, however, and could be used to examine ligand binding and,
potentially, receptor signaling and function. For example, the monocytic cell line U937 and
placental cells express relatively high levels of Siglec-6, and HEL erythroblast-like cells,
monocytic THP-1 cells, and Daudi B lymphoblast-like cells also express the receptor.59.60
Additionally, cell lines have been transfected to study these Siglecs. For instance, the
inhibitory role of Siglec-5 has been studied in transfected monocytic THP-1 cells,®! and the
role of Siglec-7 in inducing a non-apoptotic form of cell death has been explored using
monocytic U937 cells transfected with SIGLEC?7 or various forms of the gene in which
portions have been deleted or replaced with corresponding regions of the SIGLEC9 gene,
although the moderate levels of Siglec-7 expressed by untransfected U937 cells are
apparently unable to exert the same effect.52

4.2 | Siglec ligand biology

By definition, Siglecs recognize sialic acid, but only recently has this sialic acid dependency
been better defined. One approach that revolutionized the field was the development of
printed glycan arrays that provided unbiased, high-throughput screening of sialoside ligands
and their a2,3, a2,6, and a2,8 binding specifici-ties, including efforts by the Consortium for
Functional Glycomics (http://www.functionalglycomics.org) and others.63-65 Typically
performed as an ELISA-like screen, Siglec-lg fusion proteins were employed to look for
carbohydrate binding on a chip or slide. As a result, most Siglec-specific binding
characteristics have now been at least partially characterized,34:66-68 although Siglec-6
remains some-what of an enigma in this regard.6% For example, screens for potential glycan
ligands of Siglec-8 have revealed highly selective binding to 2 related molecules: 6”-sulfo-
sLeX (NeuAca2-3[6- O-sulfo]Gal f1-4[Fucal-3]GIcNAc) and 6”-sulfated sialyl N-acetyl-
D-lactosamine (NeuAca2-3[6-O-sulfo]Gal B1-4GIcNAC), identical except for the presence
or absence of the fucose.%6:69 None of the other hundreds of glycans included in the array
appreciably interacted with Siglec-8, including unsulfated sLe* or 6-sulfo-sLe* in which the
sulfate is at the 6-position of the A-acetyl-glucosamine rather than the galactose. Similarly,
neither of these Siglec-8 ligands binds well to other human Siglecs. A structural analysis of
the interaction between 6 sulfo-sLeX and Siglec-8 has revealed that the sulfate at the 6-
position of the galactose stabilizes binding through its interactions with R56 and Q59 of
Siglec-8, whereas the fucose is positioned away from the binding pocket of Siglec-8 and is
thus largely expendable for binding.”® It remains uncertain whether these exact glycan
interactions represent those that occur physiologically in humans. In contrast, Siglec-7 pref-
erentially binds to a2,8-linked polysialic acid—containing structures, but also binds to
branched a2,6-linked sialylated molecules and the a2,3-linked Lewis* structure sulfated at
the 6 or 6" position (see http://www.functionalglycomics.org).’?

Because Siglec-F, the functionally convergent paralog in the mouse, appears to play an
important role in eosinophilic lung inflammation®8:72-74 much of the initial search for
physiological Siglec-8 ligands has focused on these tissues. In the upper airway, a
subpopulation of cells in the submucosal glands of the inferior turbinate and uncinate
produce a sialoglycan that binds to Siglec-8-Fc, and this staining is increased in tissues from
patients with chronic rhinosinusitis (CRS) with or without nasal polyposis relative to healthy
control tissues.”® Siglec-8 ligands are similarly found in submucosal glands of the trachea
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and bronchi, but sialidase-sensitive Siglec-8-Fc binding is also prominent in tracheal ring
cartilage.”® Siglec-8 ligands produced by tracheal gland cells appear to be high-molecular-
weight O-linked sialoglycoproteins. Affinity purification, enzymatic treatment, and Siglec-8-
Fc blotting revealed that Siglec-8 binds to sialylated keratin sulfate chains of the
proteoglycan aggrecan.’’ No staining of airway epithelium was noted in either location, and
there was no Siglec-8 ligand detected on lung epithelium or in lung parenchyma. In addition,
no Siglec-8 ligands were detected in mouse trachea, although Siglec-F bound to epithelium,
connective tissue, submucosal glands, and cartilage in human tissue, so there are some
endogenous tissue ligands for Siglec-F that are not recognized by Siglec-8.

Additionally, knowledge of Siglec-glycan binding specificities has facilitated the
development of Siglec-specific binding agents, including multivalent glycans decorated on
structures such as polyacrylamide, as well as the development of glycomimetics that can be
displayed either alone or in tandem with co-ligands to provide cellular targeting specificity
to eosinophil and mast cell Siglecs such as CD33 and Siglec-8.30.41.78

4.3 | Animal models including genetically altered mice

Evolutionarily speaking, many of the Siglecs found on human mast cells and eosinophils are
not conserved in lower species, such as Siglec-6, -7, -8, and —10.18.79-81 |n contrast,
Siglec-2/CD22 is conserved in mice, as is a related form of Siglec-3/CD33.3 Siglec-F, while
not a true ortholog of Siglec-8, is highly expressed on mouse eosinophils®® but not on mouse
mast cells, which only express 1 Siglec, namely CD33.41 Because in vitro examination of
Siglec biology can only provide so much information, to determine how the presence or
targeting of particular Siglecs alter biology under physiologically relevant conditions, mice
have been genetically engineered to lack particular receptors or ligands, express human
Siglecs not normally found in the mouse, or accommodate the development of Siglec-
expressing human cells from stem cell precursors.

Mouse Siglec-E, -F, and -G have been studied in part due to their functional similarities with
human Siglecs-9, -8, and -10, respectively, whether truly orthologous or not. Mice in which
these receptors have been knocked out have demonstrated, for example, roles for Siglec-E in
impeding neutrophil migration by altering B2-integrin signaling and reducing platelet
activation82-84: Siglec-F in reducing and resolving eosinophilic lung inflammation’4; and
Siglec-G in promoting cell turnover and inhibiting BCR signaling in B1a cells.8® These
receptors achieved these effects by interacting with their physiological ligands (or,
conceivably, through basal signaling).

Enzymes involved in sialylation and sulfation of glycans have similarly been deleted from
mice to establish the importance of these sialoside glycan ligands for Siglecs in the context
of inflammation. Deficiency of the sialyltransferase St3gal3, which is necessary for the
production of ligands for Siglec-F, was found to amplify eosinophilic lung inflammation.
69.73 Ligand binding preferences of Siglec-8 and Siglec-F are similar and have substantial
overlap; however, unlike Siglec-8, Siglec-F binds to multi-antennary glycans lacking
sulfation.5” This is important because deletion in mice of the 2 enzymes known to sulfate
galactose at the 6 position, keratin sulfate galactose 6-O-sulfotransferase (KSGal6ST) and
chondroitin 6-O-sulfotransferase 1, did not impact Siglec-F ligand abundance in the lung,8®
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and KSGal6ST deficiency did not affect eosinophilic lung inflammation after OVA
sensitization and challenge.8”

The differences between Siglec-F in the mouse and Siglec-8 in humans go well beyond
ligand binding and include cellular expression patterns, signaling and endocytic pathways,
and mode and extent of cell death induction, which preclude the use of Siglec-F as a reliable
stand-in for Siglec-8. To study Siglec-8 in animal models of disease, new mouse strains have
been generated that express human Siglec-8 in the eosinophil compartment (S/GLECS°),88
mast cell compartment (Mcpt5-Siglec-8 and Cpa3-Siglec-8),89 or in eosinophils, mast cells,
and basophils (Siglec-8 transgenic).%° The former strains, which rely on cell-specific or cell-
selective Cre expression to remove a STOP cassette, allow for the discrimination between
the effects of Siglec-8 on each cell population, while the Siglec-8 transgenic mouse, which
bears the human SIGLECS gene, including the putative promoter and regulatory elements,
most accurately mimics Siglec-8 expression in humans. Anti-Siglec-8 mAb administration
to the latter mice diminishes the number of eosinophils and mast cells in Gl tissues in
models of eosinophilic gastroenteritis, % while Siglec-8 ligation induces the cell death of
eosinophils isolated from the peripheral blood of S/GLECSF® mice in vitro.88 A similar Cre-
dependent strategy was employed to express human CD33 in mouse mast cells, which
revealed that CD33 recruitment to Ag-aggregated IgE receptor on these cells was effective in
blocking FceRl signaling and anaphylaxis.*!

If for any reason it turns out that expressing human Siglecs on mouse eosinophils or mast
cells for in vivo studies is insufficiently rep-resentative, genetically modified mouse strains
can be used to allow the development and use of human eosinophils or mast cells for this
purpose. NSG-SGM3 mice expressing human SCF, GM-CSF, and IL-3 engrafted with
human thymus, liver, and hematopoietic stem cells have been used to permit human mast
cell development to examine the inhibitory function of CD33 or Siglec-8 by demonstrating
that nanoparticle and/or Ab targeting protected these humanized mice from passive systemic
anaphylaxis 1641

4.4 | Clinical status of Siglec therapeutics that target mast cells and eosinophils

Siglecs are attractive therapeutic targets because of their selective surface expression,
immunomodulatory function, and endocytic properties.?? The majority of Siglec-targeting
approaches have been focused on Ab-based strategies toward CD22 and CD33.92 Dating
back to the late 1980s, the high expression of CD22 and CD33 on lymphoma and leukemia
cells led to the development of both naked and cargo-conjugated Abs for oncologic diseases.
92,93 Despite the noted expression of CD22 on mast cells and CD33 on mast cells and
eosinophils, the activity of these anti-Siglec Abs against these cell types has been minimal or
not reported in any clinical setting.

More recently, Siglec-8 has emerged as a therapeutic target based on its selective expression
and immunomodulatory function on mast cells and eosinophils.?* One of the first clues of
this potential came from studies of commercial preparations of pooled human IgG Abs
(1V1g) where naturally occurring anti-Siglec-8 Abs were detected. This led to the theory that
such anti-Siglec-8 Abs could be responsible for some of the therapeutic benefits that can be
seen when 1VIg, especially at high doses, is given as a treatment for eosinophil-and mast
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cell-related disorders.9%:96 These and other clinically relevant characteristics led to the
development of a humanized anti-Siglec-8 mAb, antolimab (AK002). Antolimab is a
humanized non-fucosylated 1gG1 anti-Siglec-8 Ab that depletes blood eosinophils by Ab-
dependent cellular cytotoxicity (ADCC), induces apoptosis of tissue eosinophils, and
broadly inhibits mast cells.18 In a randomized, double-blind, placebo-controlled, phase 1
study in healthy volunteers, antolimab completely depleted blood eosinophils by the first
post-dosing time point (1 h) in all doses tested (0.001-1.0 mg/kg).%” Antolimab has also
demonstrated clinical activity in multiple mast cell-and eosinophil-driven diseases, including
multiple forms of chronic urticaria, severe allergic conjunctivitis, and indolent systemic
mastocytosis (Table 1).98:99

Most recently, antolimab safety and efficacy was evaluated in a randomized, double-blind,
placebo-controlled phase 2 study in adults with active eosinophilic gastritis (EG) and/or
gastroenteritis (EN) (ENIGMA study).190 Biopsy-confirmed EG/EN patients with moderate
to severe symptoms were randomized to receive low dose antolimab (n=19; 0.3-1.0 mg/
kg), high dose antolimab (r7= 20; 0.3-3.0 mg/kg), or placebo (/7= 20). In this study,
antolimab-treated subjects demonstrated a 95% reduction in stomach and duodenal tissue
eosinophils compared to a 10% increase in the placebo group. There were significant
reductions in EG/EN symptom scores in the treated group compared to placebo. In addition,
antolimab treatment resulted in histologic and symptomatic improvements in patients with
concomitant eosinophilic esophagitis. These data demonstrate the clinical utility of targeting
Siglec-8 on mast cells and eosinophils with an Ab and support the continued evaluation of
antolimab in mast cell and eosinophil-driven diseases.

5| CONCLUDING REMARKS

Siglecs expressed on the surface of various subsets of immune cells function primarily as
inhibitory receptors. While their endogenous and potentially exogenous ligands are still
being defined, the ability of Abs and other ligands to suppress functional responses among
many cell types, including mast cells and eosinophils, is now well established both in vitro
and in vivo. Prior efforts to develop Ab-based therapies against CD22 (Siglec-2) and CD33
(Siglec-3) are now being expanded to include Siglec-8 and other Siglecs. It is anticipated
that advances in pharmacology will expand treatment options for diseases involving Siglecs
and the cells that express them or their ligands.
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Siglec sialic acid-binding immunoglobulin-like lectin
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FIGURE 1.

Patterns of surface expression of Siglecs on human mast cells, eosinophils and other cells.
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