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Abstract: Siglecs (sialic acid-binding immunoglobulin-like lectins) are single-pass cell surface re-
ceptors that have inhibitory activities on immune cells. Among these, Siglec-8 is a CD33-related
family member selectively expressed on human mast cells and eosinophils, and at low levels on
basophils. These cells can participate in inflammatory responses by releasing mediators that attract
or activate other cells, contributing to the pathogenesis of allergic and non-allergic diseases. Since its
discovery in 2000, initial in vitro studies have found that the engagement of Siglec-8 with a mono-
clonal antibody or with selective polyvalent sialoglycan ligands induced the cell death of eosinophils
and inhibited mast cell degranulation. Anti-Siglec-8 antibody administration in vivo to humanized
and transgenic mice selectively expressing Siglec-8 on mouse eosinophils and mast cells confirmed
the in vitro findings, and identified additional anti-inflammatory effects. AK002 (lirentelimab) is a
humanized non-fucosylated IgG1 antibody against Siglec-8 in clinical development for mast cell-
and eosinophil-mediated diseases. AK002 administration has safely demonstrated the inhibition of
mast cell activity and the depletion of eosinophils in several phase 1 and phase 2 trials. This article
reviews the discovery and functions of Siglec-8, and strategies for its therapeutic targeting for the
treatment of eosinophil- and mast cell-associated diseases.

Keywords: Siglec-8; mast cells; eosinophils; monoclonal antibodies; glycan ligands; AK002; lirente-
limab

1. Introduction

Siglecs (sialic acid-binding immunoglobulin-like lectins) are single-pass cell surface
receptors that contain sialic acid-binding N-terminal V-set domains [1,2]. These receptors
are predominately found on immune cells and most have immunoreceptor tyrosine-based
motifs (ITIMs) that are involved in inhibitory cell signaling. The Siglec family of cell surface
receptors have emerged as attractive therapeutic targets due to their restricted expression
profile on immune cells and their immunomodulatory activities [3–6].

Mast cells and eosinophils are effector cells in the pathogenesis of many allergic and
non-allergic diseases [7,8]. Of all the Siglecs, Siglec-8 is the only one found selectively on
mast cells, eosinophils, and to a lesser extent, basophils [9,10]. Siglec-8 was discovered
more than 20 years ago in a cDNA library generated from a subject with hypereosinophilic
syndrome (HES) [9,10]. Our knowledge of the expression and function of Siglec-8 on
mast cells and eosinophils has greatly expanded, as has our understanding of targeting
Siglec-8 with monoclonal antibodies (mAbs) for potential therapeutic benefit. We review
the discovery, function, and the potential for therapeutic targeting of Siglec-8 with mAbs.
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2. Siglecs and the Discovery of Siglec-8

Siglecs, formerly called sialoadhesins or sialoadhesin factors (SAF) among other
names, is a term that was adopted in 1998 to describe a subset of I-type lectins within the
immunoglobulin gene superfamily that bind sialylated glycans and share certain structural
motifs within their N-terminal and C-2 set domains [11]. At the time this nomenclature
was adopted, only a few Siglecs were known. Since then, the list has expanded to in-
clude 10 human and 5 mouse Siglecs, belonging to Siglec-3 (CD33)-related subgroups,
and 4 Siglecs were conserved between humans and mice (Siglec-1, Siglec-2 (CD22), Siglec-4,
and Siglec-15). Besides the shared extracellular structural characteristics that define them
as Siglecs, most possess tyrosine-based signaling motifs in the form of immunoreceptor
tyrosine-based inhibitory or switch motifs (ITIMs and ITSMs, respectively). A small num-
ber of Siglecs lack such signaling domains because they have very short cytoplasmic tails.
Examples include Siglec-14 and Siglec-16 in humans, Siglec-H in mice, and Siglec-15 in
mice and humans. Each of these Siglecs lacking ITIM or ITSM domains contain a charged
amino acid in their transmembrane domain that allows them to co-associate in the cell
membrane with adapter molecules, such as DAP-12, to mediate SYK-dependent signaling.

Siglec-8 was discovered as a result of a joint effort between the Bochner and Schleimer
laboratories at The Johns Hopkins University School of Medicine, along with scientists
in the Department of Immunology, SmithKline Beecham Pharmaceuticals, and at Human
Genome Sciences, Inc. Based on random, high-throughput EST (expressed sequence tag)
sequencing, a clone from a cDNA library generated from a donor in the Bochner lab with a
very high eosinophil blood count due to a form of HES was identified that possessed novel
sequences with high homology to Siglec-7, Siglec-6, Siglec-5 and CD33. Simultaneously,
the Crocker lab, via a separate collaboration with scientists at Human Genome Sciences,
designed to identify novel Siglecs, discovered the same human eosinophil clone and
sequence. Parallel investigations in both labs resulted in the publication of two papers in
2000 describing Siglec-8 (or sialoadhesin factor-2, SAF-2) as highly and selectively expressed
on eosinophils [9], but also on human mast cells and very weakly on basophils [10].
As initially discovered, Siglec-8 contained a short cytoplasmic tail devoid of signaling
motifs. This so-called short form was subsequently shown to result from a premature stop
codon; the full-length mRNA encoded a form of Siglec-8 with a membrane-proximal ITIM
and a membrane-distal ITSM that was subsequently shown to be the more predominant
form of Siglec-8 [12,13].

Soon after Siglec-8 was discovered, mouse mAbs were generated [9,10] and the 2E2
Siglec-8 mAb clone was licensed in 2012 to Allakos, Inc. These have been the foundation of
efforts at Allakos, Inc. to develop mAbs against Siglec-8 for clinical use.

3. Expression Pattern of Siglec-8

Siglec-8 is selectively expressed on human eosinophils, mast cells, and to a lesser
extent, basophils, with ~18,000–22,000 Siglec-8 receptors/cell on eosinophils and mast cells
and ~500 receptors/cell on basophils [14]. While it appears that the transcription factor
Olig2 (Oligodendrocyte transcription factor 2) may participate in the control of Siglec-8
expression [15], more needs to be learned about how Siglec-8 expression is regulated.
Unlike other receptors expressed on eosinophils, such as IL-5Rα, the expression of Siglec-8
is stable between blood and tissue compartments, suggesting Siglec-8 remains targetable by
antibodies on both blood and tissue eosinophils [14]. Several groups have recently exam-
ined the expression pattern of Siglec-8 on eosinophils and mast cells during inflammatory
disease states, including HES, asthma, eosinophilic esophagitis (EoE), eosinophilic gastritis
(EG), and systemic mastocytosis (SM). The expression of Siglec-8 on blood eosinophils is
similarly prominent in patients with eosinophilic diseases, including multiple variants of
HES and EoE [16]. In addition, the levels of Siglec-8 remain stable on blood eosinophils
after patients received treatment with prednisone or imatinib, despite significant decreases
in absolute eosinophil counts [16]. Airway tissue eosinophils from bronchoalveolar lavage
and sputum from subjects with asthma have similar levels of surface Siglec-8 as their blood
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eosinophils [17,18]. Likewise, Siglec-8 expression is comparable on gastrointestinal tissue
eosinophils and mast cells from patients with EoE or EG, compared to tissues from control
subjects without these diseases, despite elevated numbers and an activated phenotype of
these cells in these diseases [19]. Similarly, mature bone marrow mast cells from patients
with SM expressed Siglec-8 at levels similar to those observed in other tissues [20,21].
The expression of Siglec-8 remained low on basophils from patients with and without
EoE or EG. Interestingly, a soluble form of Siglec-8 can be detected in the serum of some
individuals using an ELISA, but the clinical significance and origin of this form of Siglec-8
remains unknown [16]. While flow cytometry is a powerful method for evaluating the
expression of Siglec-8, as described above, we have found specificity differences between
commercially available Siglec-8 antibodies due to the high sequence identity between some
of the CD33-related family members. Using a Siglec-based cross-reactive ELISA, the Siglec-
8 mAb clones FAB7975 (R&D Systems, Minneapolis, MN, USA) and 347104 (Biolegend,
San Diego, CA, USA) were found to bind specifically to Siglec-8, whereas HPA012556
(Sigma and Atlas) was found to cross-react with multiple Siglecs, including Siglec-9, -7,
and -12 (unpublished observations). These studies suggest that Siglec-8 expression is robust
and stable on eosinophils and mast cells independent of disease state and tissue of origin.

Siglec-8 is not expressed by hematopoietic stem cells, or eosinophil or mast cell pre-
cursors. Based on in vitro studies in which cells were grown from precursors, Siglec-8 is
only expressed during late stages of mast cell and eosinophil maturation [21,22]. Siglec-
8 was not expressed by any eosinophil cell line tested and was expressed at low levels
by the LAD2, LUVA, and HMC 1.2 mast cell lines [10,21,22] (unpublished observations).
Like many CD33-related Siglecs, Siglec-8 is only expressed at the human and ape level,
and is not detected on rhesus or cynomolgus monkey eosinophils [21]. Furthermore, Siglec-
8 does not have a true mouse ortholog—the closest functional paralog in mice is Siglec-F,
which is expressed on eosinophils (and other cells such as alveolar macrophages, tuft cells,
granulocyte-macrophage progenitors and sometimes on certain tissue neutrophils that
co-express Siglec-E) but not mast cells [23–30] (see Table 1 for Siglec-F and Siglec-8 compar-
ison). Researchers in the Bochner laboratory and at Allakos, Inc. have developed strains of
mice that selectively express Siglec-8 in the eosinophil compartment (SIGLEC8Eo), in the
mast cell compartment (Mcpt5-Siglec8 and Cpa3-Siglec8), or on eosinophils, mast cells,
and basophils (Siglec-8 transgenic) [19,31,32]. Strains that express Siglec-8 on specific
immune cells rely on cell-specific or cell-selective Cre expression to remove a STOP cassette
and allow for the discrimination between the effects of Siglec-8 on each cell population.
Siglec-8 transgenic mice that express the human SIGLEC8 gene, including the putative
promoter and regulatory elements, most accurately mimic the expression of Siglec-8 in
humans. The SIGLEC8Eo strain has been crossed with the Siglec-F null strain, to create
mice that express Siglec-8 but not Siglec-F [33]. These mice are useful for testing antibodies
(see below) and glycomimetics that preferentially bind to Siglec-8, and for determining
their specificity of targeting [34]. In addition, mice with humanized immune systems (en-
grafted with human thymus, liver, or hematopoietic stem cells) that express SCF, GM-CSF,
and IL-3 (NSG-SGM3) generate human mast cells and eosinophils that express functional
Siglec-8 [35].
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Table 1. Comparison of Siglec-8 and Siglec-F.

Siglec-8 Siglec-F

Surface Expression

Eosinophils Yes Yes
Mast cells Yes No
Basophils Yes; weak No
Alveolar macrophages No Yes
Neutrophils No Sometimes
T cells No No or minimal
Monocytes No No

Intestinal tuft/M cells No Yes
Expression is at least in part regulated by the transcription
factor Olig2 Yes Unknown

Ligands

6’-S-Sialyl-LacNac Yes Yes
6’-S-Sialyl-Lewis X Yes Yes
Tri and tetra-antennary bisected glycans containing α2,3-linked
terminal sialic acid No Yes

Sialylated keratan sulfate chains on human aggrecan Yes Unknown
Sialylated keratan sulfate chains on human DMBT1 Yes Unknown
Mouse Muc5b glycans No Yes
9-N-(2-naphthyl-sulfonyl)-Neu5Acα2-3-[6-O-sulfo]-Galβ1-
4GlcNAc (6’-O-sulfo
(NSA)Neu5Ac)

Yes Yes

6′-sulfo-sialyl Lewis X mimetic retaining the neuraminic acid
core, but with a carbocyclic mimetic of the Gal moiety and a
sulfonamide substituent in the 9-position

Yes Unknown

Function

Eosinophils in vitro: Non-cytokine primed

Crosslinking with antibody induces eosinophil death in
non-cytokine-primed cells Yes; modest Yes; weak

Death that is caspase-dependent Yes Yes
Death that is integrin- and ROS-dependent No No
Death that is NADPH oxidase-dependent No No
Death is associated with mitochondrial membrane damage Yes Yes
Receptor internalized after ligation Yes Yes

Eosinophils in vitro: Cytokine primed

Crosslinking with antibody or multivalent ligand induces
eosinophil death in cytokine-primed cells Yes; marked Yes; weak

Death that is caspase-dependent No Yes
Death that is beta-2 integrin- and ROS-dependent Yes No
Death that is NADPH oxidase-dependent Yes No
Death that is associated with mitochondrial membrane-damage Yes Yes
Role for SHP-1 phosphatase in cell death No No
Role for MAP kinases in cell death Yes Unknown

Mast cells in vitro

Crosslinking induces cell death No Not applicable
Inhibition of IgE receptor-mediated degranulation Yes Not applicable
Inhibition of IL-33-stimulated responses Yes Not applicable
Receptor internalized after ligation Yes Not applicable
Internalization of a toxic payload after ligation causes cell death Yes Not applicable

Siglec, sialic acid-binding immunoglobulin-like lectins; DMBT1, deleted in malignant brain tumors 1;
Gal, galactose; ROS, reactive oxygen species; MAP, mitogen-activated protein.
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4. Siglec-8 Function on Eosinophils and Mast Cells

Eosinophils and mast cells are innate immune cells that have broad roles in mediating
and regulating acute and chronic tissue inflammation in allergic, proliferative, and inflam-
matory diseases. These cells are developmentally similar and frequently travel together to
sites of inflammation through bi-directional crosstalk [8]. Historically, eosinophils and mast
cells have been associated with allergic inflammation, during which their activation con-
tributes to the development of type-2 inflammatory diseases, such as eosinophilic asthma,
atopic dermatitis, and eosinophilic gastrointestinal diseases. In allergic inflammation,
mast cells are primarily activated by crosslinking the FcεRI via IgE, which induces rapid
degranulation and the release of preformed mediators, such as histamine, tumor necrosis
factor (TNF), and proteases, as well as the subsequent release of de novo synthesized lipid
mediators, cytokines, and chemokines [36]. In addition, eosinophils and mast cells have
been implicated in non-allergic diseases, such as inflammatory bowel diseases, irritable
bowel syndrome, functional dyspepsia, idiopathic pulmonary fibrosis, and chronic obstruc-
tive pulmonary disease. In these diseases, mast cells and eosinophils are likely activated by
inflammatory mediators, such as cytokines, toll-like receptor ligands, and neuropeptides.
Upon activation, mast cells and eosinophils release mediators that can attract or activate
other immune cells and mediate acute and chronic inflammatory responses, such as vasodi-
lation, plasma extravasation, smooth muscle contraction, stimulation of sensory nerves,
tissue eosinophilia, epithelial barrier destruction, and fibrosis [37].

4.1. Anti-Eosinophil Activity

The expression pattern of Siglec-8 on peripheral blood and tissue eosinophils makes
it an attractive therapeutic target for diseases associated with elevated eosinophils. Ini-
tial in vitro studies of Siglec-8 on eosinophils found that extensive antibody crosslink-
ing induced cell death, which was caspase-dependent (see Figure 1 for summary of
Siglec-8-mediated activity) [38]. Interestingly, the magnitude of Siglec-8 mAb-mediated
eosinophil cell death increased when peripheral blood eosinophils were primed with
IL-5, IL-33, or GM-CSF, and secondary crosslinking with anti-mouse antibody was no
longer required [38–40]. Under these priming conditions, the mechanism of eosinophil
cell death involved mitochondrial damage and reactive oxygen species (ROS) production,
and was independent of caspase signaling [41–43]. Although the exact mechanism of
Siglec-8-mediated cell death of eosinophils remains to be fully elucidated, the binding of a
Siglec-8 mAb to cytokine-primed eosinophils activates a signaling pathway that involves
β2 integrin-mediated adhesion; PI3K, Rac1, and MEK1/2 activity; and the generation of
ROS via nicotinamide adenine dinucleotide phosphate oxidase, which ultimately results in
cell death [43,44]. Consistent with Siglec-8 expression on tissue eosinophils, the exposure of
human primary lung tissue, bronchoalveolar lavage, or sputum to AK002 ex vivo reduces
the numbers of tissue eosinophils [14,18,39].
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Figure 1. Summary of the in vitro and in vivo functions of Siglec-8 on eosinophils and mast cells. (Left) Eosinophil-specific
activity of Siglec-8 mAbs or glycan-ligands. (Right) Mast cell-specific activity of Siglec-8 mAbs. (Bottom) Anti-inflammatory
activity of targeting both eosinophils and mast cells with Siglec-8 mAbs. ADCC, antibody-dependent cellular cytotoxic-
ity; AKC, atopic keratoconjunctivitis; CSU, chronic spontaneous urticaria; EG/EoD, eosinophilic gastritis/eosinophilic
duodenitis; ISM, indolent systemic mastocytosis.
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In addition to the antibody engagement of Siglec-8 on eosinophils, the effect of glycan
ligands on Siglec-8-mediated cell death has also been evaluated. High-throughput glycan
array screening led to the identification of two related potential Siglec-8 ligands: 6′-sulfo-
sLex (NeuAcα2–3[6-O-sulfo]Galβ1–4[Fucα1–3]GlcNAc) and 6′-sulfated sialyl N-acetyl-D-
lactosamine (NeuAcα2–3[6-O-sulfo]Galβ1–4GlcNAc); identical except for the presence or
absence of the fucose [45,46]. These same two glycans are also selectively recognized by
Siglec-F, although Siglec-F, unlike Siglec-8, recognizes additional multi-antennary α2,3-
linked sialosides [25,45,47]. Further analysis demonstrated 6′-sulfo-sLex bound to human
eosinophils as well as cells that express Siglec-8, and this interaction was inhibited by
a polyclonal antibody against Siglec-8 [44,47]. The specificity of glycan binding was
confirmed and defined using NMR spectroscopy [48]. The incubation of IL-5-primed blood
eosinophils with either a Siglec-8 mAb or polymeric 6′-sulfo-sLex induced eosinophil cell
death, although the glycan ligand was less effective [44]. Interestingly, the identification
of the 6′-sulfo-sLex pharmacophores led to the development of ligand mimetics that bind
Siglec-8 with higher affinity [34,49]. Although the search for endogenous glycan ligands
is at an early stage, studies of human airway samples have identified keratan sulfate on
aggrecan, and glycans on DMBT1 (deleted in malignant brain tumors 1) that bind Siglec-
8 [50–54]. For example, a distinct isoform of DMBT1, carrying O-linked sialylated keratan
sulfate chains (DMBTS8), was shown to be a high-avidity ligand for Siglec-8 that is found
in the human airway mucus layer. However, the inhibitory activity of DMBTS8 was not
evaluated on mast cells or eosinophils [53]. Studies are needed to determine the relevance
of interactions between these glycan ligands and Siglec-8 in vivo, as well as any potential
clinical relevance or association of these glycoforms (and the enzymes needed to synthesize
them, such as specific sulfo- and sialyltransferases) with disease because the exact functions
of natural Siglec-8 ligands are not known.

The activity of Siglec-8 mAbs in vivo was recently evaluated by several groups us-
ing transgenic and humanized mice that express functional Siglec-8. A single dose of a
Siglec-8 mAb significantly reduced blood eosinophils in humanized mice with recombinant
IL-5-induced eosinophilia [16]. To create a mouse model of eosinophilic gastroenteritis,
Siglec-8 transgenic mice were given repeated intragastric injections of ovalbumin, which in-
duced gastric and duodenal eosinophilia [19]. The administration of a Siglec-8 mAb with
antibody-dependent cell-mediated cytotoxicity (ADCC) activity depleted blood eosinophils.
In addition, Siglec-8 mAb treatment significantly reduced gastric, duodenal, and mesenteric
lymph node eosinophils, as well as local and systemic inflammatory mediators, including
CCL2, CCL5, and IL-9 [19].

Antibodies against Siglec-F also reduced the activity of eosinophils in mice, indicating
that Siglec-F has similar functions to Siglec-8 on these cells. However, in mice that also
express human Siglec-8 on their eosinophils, with or without endogenous Siglec-F, the ad-
ministration of a mouse IgG1 anti-Siglec-8 mAb more effectively depleted eosinophils,
albeit via ADCC, compared to several rat anti-Siglec-F antibodies. This is consistent with
the findings that anti-Siglec-F antibodies have only modest effects on eosinophil death
in vitro and depletion in vivo [33,55–60]. Therefore, anti-Siglec-8 mAb administration to
the Siglec-8 knock-in mice may be a more effective approach to depleting eosinophils in
mice [33]. Collectively, these data demonstrate that Siglec-8 mAbs have potent eosinophil-
depleting activity in vitro and in vivo, and support the rationale for targeting Siglec-8 on
eosinophils in the clinic.

4.2. Anti-Mast Cell Activity

Unlike the effect of the Siglec-8 mAb on eosinophils, crosslinking the receptor on
unstimulated or activated mast cells with a mAb does not induce cell death. Instead, initial
experiments demonstrated that incubation with Siglec-8 mAbs significantly inhibited the
FcεRI-dependent release of histamine and prostaglandin D2 and the mast cell-dependent
contraction of human bronchial smooth muscle rings in vitro [61]. Similarly, Siglec-8 mAbs
inhibited the FcεRI-dependent degranulation of human primary lung tissue and CD34+
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peripheral blood-derived mast cells without affecting mast cell numbers [18,62]. In addition
to the inhibition of IgE-dependent activation, Siglec-8 mAbs significantly inhibited IL-33-
mediated mast cell activation in vitro, as evidenced by the reduced IL-8 production and
human neutrophil migration [62].

The ability to study Siglec-8 in vivo has greatly advanced our understanding of
the effects of mast cell inhibition and the roles of mast cells in disease development.
The administration of a Siglec-8 mAb to humanized mice populated with human mast
cells protected them from systemic anaphylaxis-induced hypothermia [14]. In the Siglec-8
transgenic mouse model of eosinophilic gastroenteritis, the administration of the Siglec-8
mAb significantly reduced the infiltration of the stomach and small intestine by mast cells,
and depleted eosinophils from blood and tissues [19]. In these mice, the reduction in mast
cells following administration of the Siglec-8 mAb was delayed compared to the reduction
in eosinophils in the same tissues. This finding indicates that the decrease in mast cell
numbers was most likely due to the inhibition of mast cell recruitment or proliferation,
rather than direct killing by antibody engagement in tissues. In support of this hypothesis,
mice administered a Siglec-8 mAb had decreased levels of chemokines associated with the
recruitment of mast cells [19], compared with mice given a control antibody.

Siglec-8 mAb administration was also shown to inhibit mast cells in mouse models of
non-allergic diseases. In Siglec-8 transgenic mice undergoing a model of cigarette smoke-
induced chronic obstructive pulmonary disease, Siglec-8 mAb administration attenuated
airway inflammation and reversed the decline in lung function compared to mice dosed
with an isotype control mAb [62]. These effects were associated with decreased numbers of
lung mast cells, degranulating mast cells, and mast cell-derived proteases. In mouse models
of acute and chronic bleomycin lung injury, the administration of a Siglec-8 mAb signifi-
cantly reduced the airway infiltration of neutrophils, monocytes, and macrophages [62].
In addition, Siglec-8 mAb treatment reduced lung fibrosis, as determined by the Ashcroft
score and collagen and TGF-β levels in bronchoalveolar lavage fluid [62]. The lung tissues
from mice given the Siglec-8 mAb also had decreased levels of activated mast cells and
mast cell-derived proteases.

The effects of Siglec-8 mAb on neutrophil infiltration have been investigated in mice
with mast cell-mediated, IL-33-induced neutrophil influx. Mice given a Siglec-8 mAb
and IL-33 had significantly reduced neutrophils and immune cell-recruiting cytokines,
including IL-6, CCL2, CXCL2, IL-13, and TNF, compared with mice given a control an-
tibody [62]. In addition to IL-33, Siglec-8 mAb treatment inhibited Substance P-induced
mast cell activation, neutrophil infiltration, and cytokine production in Siglec-8 transgenic
mice [63]. These data suggest that Siglec-8 mAb administration suppresses allergic and non-
allergic inflammation mediated by mast cells or eosinophils, and that mast cells regulate
the recruitment of immune cells, including neutrophils.

Although the exact intracellular signaling mechanisms involved in Siglec-8-mediated
inhibition of mast cells have not been fully elucidated, studies with Siglec-8 ITIM-mutant
transfectants revealed that the process requires the membrane-proximal ITIM tyrosine
residue [61]. In vivo transcriptomic profiling of peritoneal mast cells activated with IL-33
and treated with a Siglec-8 mAb has yielded several insights [62]. Siglec-8 mAb treatment
normalized the IL-33-activated mast cell transcriptome, in which the transcriptome of
Siglec-8 mAb and IL-33-treated mast cells resembled that of the PBS-treated control mast
cells. Pathway analysis revealed the downregulation of IL-33 signaling factors, including
TNF, mTORC1 and IL-2–STAT5, in mice given the Siglec-8 mAb. Interestingly, the Siglec-8
mAb upregulated other receptors associated with the inhibition of mast cells, indicating
that Siglec-8 regulates multiple signaling pathways. Additional studies are underway to
delineate the exact signaling mechanisms of Siglec-8-mediated mast cell inhibition.

In addition to inducing ADCC or transducing an intracellular signal that leads to the
death of eosinophils or the functional inhibition of mast cells, Siglec-8 can be exploited to
deliver therapeutic cargo to these cell types via receptor-mediated endocytosis. In human
eosinophils and mast cells in vitro, Siglec-8 is internalized in response to antibody ligation—
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a process that, in eosinophils, requires actin cytoskeletal rearrangement and the activities
of tyrosine kinases and protein kinase C [64]. As a proof of concept, antibodies conjugated
to the ribosome-inactivating toxin saporin induced the death of cells in which Siglec-8
ligation alone would not cause cell death, for example, in HMC-1.2 mast cell leukemia
cells [64]. Whether this would be a safe and useful therapeutic approach worth pursuing
remains uncertain.

5. Development of AK002, a Humanized Anti-Siglec-8 mAb

The selective inhibition of mast cell activity and the depletion of eosinophils by Siglec-
8 antibody engagement provides a promising approach to the treatment of a wide range of
allergic and inflammatory diseases associated with these cell types. AK002 is a humanized
non-fucosylated IgG1 kappa antibody that was generated by the humanization of the
mouse Siglec-8 mAb 2E2 clone (its precursor). AK002 is in clinical development for mast
cell- and eosinophil-mediated diseases [14]. This antibody binds with high affinity to the
extracellular domain of Siglec-8 and does not cross-react with other recombinant Siglecs.
AK002 has the expected profile for a Siglec-8-specific antibody, binding selectively to mast
cells, eosinophils and, at a lower level, to basophils in human blood and tissues, but not to
the other cell types examined.

AK002 was generated as a non-fucosylated IgG1 antibody specifically to increase its
binding affinity to FcγRIIIA, (CD16a), the Fc-receptor that mediates the ADCC activity of
natural killer (NK) cells in peripheral blood [65]. Consequently, AK002 rapidly induces the
NK cell-mediated ADCC of eosinophils in vitro and the selective depletion of eosinophils
in peripheral blood leukocyte preparations, consistent with ADCC-mediated depletion.
An IgG4 form of AK002, which lacks ADCC function, does not significantly deplete the
eosinophils from peripheral blood leukocytes in the absence of exogenous cytokines,
supporting the importance of FcγRIIIA-dependent ADCC for the activity of AK002 against
peripheral blood eosinophils [16].

In addition to ADCC, AK002 induced the death of IL-5-activated eosinophils isolated
from peripheral blood, highlighting an additional mechanism of eosinophil depletion
within tissues in which CD16+ NK cells may not be prevalent [66], but where eosinophils
may be primed by cytokines. When using dissociated human lung tissues from multi-
ple donors, AK002 significantly reduced tissue eosinophil numbers. Mast cells in the
dissociated lung tissue were not depleted [18], consistent with the view that the ADCC-
inducing activity of AK002 may not be prominent in tissues. The lack of ADCC activity
against tissue mast cells by AK002 is most likely due to the preponderance of the less cyto-
toxic, regulatory NK cell population (CD16Lo CD56Hi) in most human tissues compared
to the more cytotoxic, ADCC-inducing NK cell population (CD16Hi CD56Lo) found in the
blood [67]. Thus, the dual mechanism of action of AK002 against eosinophils, together
with its inhibition of mast cell activation, provides a selective profile for the treatment of
allergic and inflammatory diseases associated with these cell types.

6. AK002 Efficacy in Eosinophil- and Mast Cell-Mediated Diseases

AK002, now designated lirentelimab, is in clinical development for the treatment
of multiple mast cell- and eosinophil-mediated diseases. Lirentelimab appears to have
positive effects in patients with eosinophilic gastrointestinal diseases, chronic urticaria,
severe allergic conjunctivitis, and indolent SM.

The first-in-human study of lirentelimab was ASIGMA, a phase 1, open-label trial in
patients with indolent systemic mastocytosis (ISM). ISM is a rare disease characterized
by clonal proliferation of, and excessive mediator release from, mast cells. Patients with
ISM have an array of debilitating symptoms and substantial quality of life impairment.
The study subjects received monthly infusions of lirentelimab over 6 months, with a starting
dose of 1.0 mg/kg and subsequent doses of 1, 3, 6, or 10 mg/kg. Lirentelimab was well
tolerated and produced consistent and substantial improvements in ISM symptoms and
quality of life, measured by patient-reported outcome questionnaires [68].
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Lirentelimab has also shown beneficial activity in patients with treatment-refractory
chronic urticaria (CU). These patients have debilitating symptoms and many do not
respond to other approved therapies, which include antihistamines and omalizumab.
The CURSIG study was a phase 2a open-label trial that enrolled patients with chronic
spontaneous urticaria (omalizumab naïve and omalizumab refractory) and chronic in-
ducible urticarias (cholinergic and symptomatic dermographism). The patients received
six monthly infusions of lirentelimab. Lirentelimab was well tolerated and showed sub-
stantial clinical activity for several patient-reported outcomes, in patients with different
forms of treatment refractory CU and in patients refractory to extensive omalizumab
treatment [69]. These results indicate that lirentelimab could be a first-line therapy for
antihistamine-refractory CU.

Lirentelimab also substantially improves ocular signs and symptoms in patients with
severe allergic conjunctivitis. Allergic conjunctivitis is an inflammatory disease character-
ized by extreme itching, pain, watering, redness, and swelling of the conjunctiva. In severe
cases, corneal damage and permanent vision loss can occur. Eosinophil recruitment and
mast cell activation contribute to symptoms, and allergic comorbidities are common. In a
phase 1b open-label study, six monthly doses of lirentelimab were evaluated in patients with
atopic keratoconjunctivitis, vernal keratoconjunctivitis, or perennial allergic conjunctivitis,
and a history of topical or systemic corticosteroid use [70]. Lirentelimab was well tolerated
and substantially improved ocular signs and symptoms of severe allergic conjunctivitis,
with strong concordance between physician- and patient-reported outcomes. Lirentelimab
produced substantial improvements in allergic comorbidities, reducing symptoms of atopic
dermatitis, asthma, and rhinitis in 65%, 72%, and 69% of patients, respectively. Lirentelimab
might therefore be a promising treatment for severe allergic conjunctivitis, as well as atopic
dermatitis, asthma, and other atopic conditions.

Most recently, lirentelimab was evaluated in ENIGMA, a multi-center, randomized,
double-blind, placebo-controlled phase 2 study in patients with active eosinophilic gastritis
and/or eosinophilic duodenitis (EG/EoD) [71]. EG/EoD is characterized by gastrointesti-
nal mucosal eosinophilia, chronic gastrointestinal symptoms, impaired quality of life, and a
lack of adequate treatments. Mast cell activity has also been proposed to contribute to the
pathogenesis of these conditions [19,72,73]. Patients with moderate to severe symptoms
and biopsy-confirmed EG/EoD were randomly assigned to groups that received low-dose
lirentelimab (n = 19; 1.0 mg/kg), high-dose lirentelimab (n = 20; 3.0 mg/kg), or placebo
(n = 20). The combined lirentelimab groups had a mean 95% reduction in stomach and duo-
denal tissue eosinophils, compared with a 10% increase in the placebo group. There were
significant reductions in EG/EoD total symptom scores in the lirentelimab group com-
pared with placebo (reduction of 53% vs. a reduction of 24%, respectively; p = 0.0012).
In addition, lirentelimab produced histologic and symptomatic improvements in patients
with concomitant EoE. These data suggest that lirentelimab is a promising candidate for
the targeted treatment of upper and lower EGIDs.

ENIGMA subjects were eligible to enroll in an open-label extension study, in which
they received lirentelimab for as long as 20 months on a monthly basis. Fifty-eight of
fifty-nine eligible subjects chose to enter the open-label extension study, and after 52 weeks
of lirentelimab the mean symptom score was reduced by 68%, and 94% of subjects met
the criteria for histologic remission. Long-term treatment with lirentelimab can therefore
further reduce symptoms and sustain histologic remission.

Together, these data demonstrate the clinical utility of targeting Siglec-8 on mast cells
and eosinophils with an mAb, and support the continued evaluation of lirentelimab in pa-
tients with mast cell- and eosinophil-mediated diseases. A phase 3 study of lirentelimab is
underway in patients with eosinophilic gastritis and/or eosinophilic duodenitis (ENIGMA
2; NCT04322604), and a phase 2/3 study is underway in patients with EoE (KRYPTOS;
NCT04322708).
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7. Concluding Remarks

Since its discovery in a human cDNA library in the late 1990s and the first publications
in 2000, our understanding of the function and expression of Siglec-8 on eosinophils
and mast cells has steadily increased, along with the identification of a few endogenous
glycoprotein ligands. Given the fact that Siglec-8 is not found in lower animal species,
and that Siglec-F in mice is an inadequate surrogate for understanding Siglec-8 function,
novel mouse models involving transgenic, knock-in or humanized mouse technologies
have been developed and employed, and have reproduced most if not all of the in vitro
biology, while delineating additional functions. Finally, since its founding in 2012, Allakos,
Inc. has led the effort to humanize a mouse anti-human Siglec-8 antibody for clinical
use. Multiple clinical trials using AK002 (lirentelimab), a non-fucosylated human IgG1
kappa antibody with enhanced ADCC activity, have shown efficacy across a spectrum of
eosinophil- and mast cell-associated disorders, including several types of urticaria, ISM,
severe allergic conjunctivitis, and EG/EoD. It is anticipated that lirentelimab will expand
treatment options for multiple diseases involving mast cells and eosinophils, highlighting
the broad function and clinical utility of targeting Siglec-8 with a mAb.

Author Contributions: B.S.B. conceived the concept for this review and B.A.Y. created an outline,
then all authors contributed sections and provided input and feedback on each other’s text. All au-
thors have read and agreed to the published version of the manuscript.

Funding: This publication was supported in part by grants from National Institute of Allergy and
Infectious Diseases (U19AI136443 to B.S.B. and U19AI070535 subaward 107905120 to J.A.O.).

Data Availability Statement: The unpublished data mentioned in this review are available on
request from the first author due to privacy. The data are not yet publicly available because they
have not yet been published. Otherwise, no new data were created or analyzed in this review.

Acknowledgments: We would like to thank all current and former employees of Allakos, Inc. and
members of the Bochner and Schleimer laboratories who contributed to the Siglec-8 findings and the
development of lirentelimab.

Conflicts of Interest: B.A.Y., J.L., R.F., J.W., J.S., E.C.B., B.S., A.T.C., N.T., and C.R.B. are current or
former employees of and/or own stock and/or stock options from Allakos, Inc. J.A.O. has nothing
to disclose. R.P.S. and B.S.B. receive remuneration for serving on the scientific advisory board
of Allakos, Inc. and own stock in Allakos. B.S.B. receives publication-related royalty payments
from Elsevier and UpToDate. R.P.S. and B.S.B. are co-inventors on existing Siglec-8–related patents
and thus may be entitled to a share of royalties received by Johns Hopkins University during
development and potential sales of such products. Schleimer and Bochner are also co-founders of
Allakos, Inc. which makes them subject to certain restrictions under University policy. The terms of
this arrangement are being managed by Johns Hopkins University and Northwestern University in
accordance with their conflict of interest policies.

References
1. Macauley, M.S.; Crocker, P.R.; Paulson, J.C. Siglec-mediated regulation of immune cell function in disease. Nat. Rev. Immunol.

2014, 14, 653–666. [CrossRef] [PubMed]
2. Varki, A.; Angata, T. Siglecs—the major subfamily of I-type lectins. Glycobiology 2006, 16, 1R–27R. [CrossRef] [PubMed]
3. O’Sullivan, J.A.; Chang, A.T.; Youngblood, B.A.; Bochner, B.S. Eosinophil and mast cell Siglecs: From biology to drug target.

J. Leukoc. Biol. 2020, 108, 73–81. [CrossRef] [PubMed]
4. Jandus, C.; Simon, H.U.; von Gunten, S. Targeting siglecs—A novel pharmacological strategy for immuno-and glycotherapy.

Biochem. Pharmacol. 2011, 82, 323–332. [CrossRef] [PubMed]
5. O’Reilly, M.K.; Paulson, J.C. Siglecs as targets for therapy in immune-cell-mediated disease. Trends Pharmacol. Sci. 2009, 30,

240–248. [CrossRef]
6. Barenwaldt, A.; Laubli, H. The sialoglycan-Siglec glyco-immune checkpoint—a target for improving innate and adaptive

anti-cancer immunity. Expert Opin. Ther. Targets 2019, 23, 839–853. [CrossRef]
7. Klion, A.D.; Ackerman, S.J.; Bochner, B.S. Contributions of Eosinophils to Human Health and Disease. Annu. Rev. Pathol. 2020, 15,

179–209. [CrossRef]
8. Robida, P.A.; Puzzovio, P.G.; Pahima, H.; Levi-Schaffer, F.; Bochner, B.S. Human eosinophils and mast cells: Birds of a feather

flock together. Immunol. Rev. 2018, 282, 151–167. [CrossRef]

http://dx.doi.org/10.1038/nri3737
http://www.ncbi.nlm.nih.gov/pubmed/25234143
http://dx.doi.org/10.1093/glycob/cwj008
http://www.ncbi.nlm.nih.gov/pubmed/16014749
http://dx.doi.org/10.1002/JLB.2MR0120-352RR
http://www.ncbi.nlm.nih.gov/pubmed/31965606
http://dx.doi.org/10.1016/j.bcp.2011.05.018
http://www.ncbi.nlm.nih.gov/pubmed/21658374
http://dx.doi.org/10.1016/j.tips.2009.02.005
http://dx.doi.org/10.1080/14728222.2019.1667977
http://dx.doi.org/10.1146/annurev-pathmechdis-012419-032756
http://dx.doi.org/10.1111/imr.12638


Cells 2021, 10, 19 12 of 14

9. Floyd, H.; Ni, J.; Cornish, A.L.; Zeng, Z.; Liu, D.; Carter, K.C.; Steel, J.; Crocker, P.R. Siglec-8. A novel eosinophil-specific member
of the immunoglobulin superfamily. J. Biol. Chem. 2000, 275, 861–866. [CrossRef]

10. Kikly, K.K.; Bochner, B.S.; Freeman, S.D.; Tan, K.B.; Gallagher, K.T.; D’Alessio, K.J.; Holmes, S.D.; Abrahamson, J.A.; Erickson-
Miller, C.L.; Murdock, P.R.; et al. Identification of SAF-2, a novel siglec expressed on eosinophils, mast cells, and basophils.
J. Allergy Clin. Immunol. 2000, 105, 1093–1100. [CrossRef]

11. Crocker, P.R.; Clark, E.A.; Filbin, M.; Gordon, S.; Jones, Y.; Kehrl, J.H.; Kelm, S.; Le Douarin, N.; Powell, L.; Roder, J.; et al.
Siglecs: A family of sialic-acid binding lectins. Glycobiology 1998, 8, 5–6. [CrossRef]

12. Foussias, G.; Yousef, G.M.; Diamandis, E.P. Molecular characterization of a Siglec-8 variant containing cytoplasmic tyrosine-based
motifs, and mapping of the Siglec-8 gene. Biochem. Biophys. Res. Commun. 2000, 278, 775–781. [CrossRef] [PubMed]

13. Aizawa, H.; Plitt, J.; Bochner, B.S. Human eosinophils express two Siglec-8 splice variants. J. Allergy Clin. Immunol. 2002, 109, 176.
[CrossRef] [PubMed]

14. Youngblood, B.A.; Brock, E.C.; Leung, J.; Falahati, R.; Bryce, P.J.; Bright, J.; Williams, J.; Shultz, L.D.; Greiner, D.L.; Brehm, M.A.;
et al. AK002, a Humanized Sialic Acid-Binding Immunoglobulin-Like Lectin-8 Antibody that Induces Antibody-Dependent
Cell-Mediated Cytotoxicity against Human Eosinophils and Inhibits Mast Cell-Mediated Anaphylaxis in Mice. Int. Arch.
Allergy Immunol. 2019, 180, 91–102. [CrossRef]

15. Hwang, S.M.; Uhm, T.G.; Lee, S.K.; Kong, S.K.; Jung, K.H.; Binas, B.; Chai, Y.G.; Park, S.W.; Chung, I.Y. Olig2 is expressed late in
human eosinophil development and controls Siglec-8 expression. J. Leukoc. Biol. 2016, 100, 711–723. [CrossRef]

16. Legrand, F.; Cao, Y.; Wechsler, J.B.; Zhu, X.; Zimmermann, N.; Rampertaap, S.; Monsale, J.; Romito, K.; Youngblood, B.A.; Brock,
E.C.; et al. Sialic acid-binding immunoglobulin-like lectin (Siglec) 8 in patients with eosinophilic disorders: Receptor expression
and targeting using chimeric antibodies. J. Allergy Clin. Immunol. 2019, 143, 2227–2237. [CrossRef]

17. Johansson, M.W.; Kelly, E.A.; Nguyen, C.L.; Jarjour, N.N.; Bochner, B.S. Characterization of Siglec-8 Expression on Lavage Cells
after Segmental Lung Allergen Challenge. Int. Arch. Allergy Immunol. 2018, 177, 16–28. [CrossRef]

18. Kerr, S.C.; Gonzalez, J.R.; Schanin, J.; Peters, M.C.; Lambrecht, B.N.; Brock, E.C.; Charbit, A.; Mark Ansel, K.; Youngblood, B.A.;
Fahy, J.V. An anti-siglec-8 antibody depletes sputum eosinophils from asthmatic subjects and inhibits lung mast cells. Clin. Exp.
Allergy 2020. [CrossRef]

19. Youngblood, B.A.; Brock, E.C.; Leung, J.; Falahati, R.; Bochner, B.S.; Rasmussen, H.S.; Peterson, K.; Bebbington, C.; Tomasevic,
N. Siglec-8 antibody reduces eosinophils and mast cells in a transgenic mouse model of eosinophilic gastroenteritis. JCI Insight
2019, 4. [CrossRef]

20. Youngblood, B.A.; Brock, E.C.; Leung, J.; Chang, A.T.; Bebbington, C.; Tomasevic, N. AK002, a novel humanized monoclonal
antibody to siglec-8, inhibits mast cell activity and depletes eosinophils in ex vivo bone marrow tissue from patients with systemic
mastocytosis. Blood 2018, 132, 1104. [CrossRef]

21. Hudson, S.A.; Herrmann, H.; Du, J.; Cox, P.; El Haddad, B.; Butler, B.; Crocker, P.R.; Ackerman, S.J.; Valent, P.; Bochner,
B.S. Developmental, malignancy-related, and cross-species analysis of eosinophil, mast cell, and basophil siglec-8 expression.
J. Clin. Immunol. 2011, 31, 1045–1053. [CrossRef] [PubMed]

22. Yokoi, H.; Myers, A.; Matsumoto, K.; Crocker, P.R.; Saito, H.; Bochner, B.S. Alteration and acquisition of Siglecs during in vitro
maturation of CD34+ progenitors into human mast cells. Allergy 2006, 61, 769–776. [CrossRef] [PubMed]

23. Aizawa, H.; Zimmermann, N.; Carrigan, P.E.; Lee, J.J.; Rothenberg, M.E.; Bochner, B.S. Molecular analysis of human Siglec-8
orthologs relevant to mouse eosinophils: Identification of mouse orthologs of Siglec-5 (mSiglec-F) and Siglec-10 (mSiglec-G).
Genomics 2003, 82, 521–530. [CrossRef]

24. Zhang, J.Q.; Biedermann, B.; Nitschke, L.; Crocker, P.R. The murine inhibitory receptor mSiglec-E is expressed broadly on cells
of the innate immune system whereas mSiglec-F is restricted to eosinophils. Eur. J. Immunol. 2004, 34, 1175–1184. [CrossRef]
[PubMed]

25. Tateno, H.; Crocker, P.R.; Paulson, J.C. Mouse Siglec-F and human Siglec-8 are functionally convergent paralogs that are selectively
expressed on eosinophils and recognize 6’-sulfo-sialyl Lewis X as a preferred glycan ligand. Glycobiology 2005, 15, 1125–1135.
[CrossRef]

26. Dyer, K.D.; Moser, J.M.; Czapiga, M.; Siegel, S.J.; Percopo, C.M.; Rosenberg, H.F. Functionally competent eosinophils differentiated
ex vivo in high purity from normal mouse bone marrow. J. Immunol. 2008, 181, 4004–4009. [CrossRef] [PubMed]

27. Gerbe, F.; Sidot, E.; Smyth, D.J.; Ohmoto, M.; Matsumoto, I.; Dardalhon, V.; Cesses, P.; Garnier, L.; Pouzolles, M.; Brulin, B.; et al.
Intestinal epithelial tuft cells initiate type 2 mucosal immunity to helminth parasites. Nature 2016, 529, 226–230. [CrossRef]

28. Gicheva, N.; Macauley, M.S.; Arlian, B.M.; Paulson, J.C.; Kawasaki, N. Siglec-F is a novel intestinal M cell marker. Biochem. Biophys.
Res. Commun. 2016, 479, 1–4. [CrossRef]

29. Bolden, J.E.; Lucas, E.C.; Zhou, G.; O’Sullivan, J.A.; de Graaf, C.A.; McKenzie, M.D.; Di Rago, L.; Baldwin, T.M.; Shortt, J.;
Alexander, W.S.; et al. Identification of a Siglec-F+ granulocyte-macrophage progenitor. J. Leukoc. Biol. 2018, 104, 123–133.
[CrossRef]

30. Pfirschke, C.; Engblom, C.; Gungabeesoon, J.; Lin, Y.; Rickelt, S.; Zilionis, R.; Messemaker, M.; Siwicki, M.; Gerhard, G.M.; Kohl,
A.; et al. Tumor-Promoting Ly-6G(+) SiglecF(high) Cells Are Mature and Long-Lived Neutrophils. Cell Rep. 2020, 32, 108164.
[CrossRef]

http://dx.doi.org/10.1074/jbc.275.2.861
http://dx.doi.org/10.1067/mai.2000.107127
http://dx.doi.org/10.1093/oxfordjournals.glycob.a018832
http://dx.doi.org/10.1006/bbrc.2000.3866
http://www.ncbi.nlm.nih.gov/pubmed/11095983
http://dx.doi.org/10.1067/mai.2002.120550
http://www.ncbi.nlm.nih.gov/pubmed/11799386
http://dx.doi.org/10.1159/000501637
http://dx.doi.org/10.1189/jlb.1A0715-314RRR
http://dx.doi.org/10.1016/j.jaci.2018.10.066
http://dx.doi.org/10.1159/000488951
http://dx.doi.org/10.1111/cea.13681
http://dx.doi.org/10.1172/jci.insight.126219
http://dx.doi.org/10.1182/blood-2018-99-119232
http://dx.doi.org/10.1007/s10875-011-9589-4
http://www.ncbi.nlm.nih.gov/pubmed/21938510
http://dx.doi.org/10.1111/j.1398-9995.2006.01133.x
http://www.ncbi.nlm.nih.gov/pubmed/16677248
http://dx.doi.org/10.1016/S0888-7543(03)00171-X
http://dx.doi.org/10.1002/eji.200324723
http://www.ncbi.nlm.nih.gov/pubmed/15048729
http://dx.doi.org/10.1093/glycob/cwi097
http://dx.doi.org/10.4049/jimmunol.181.6.4004
http://www.ncbi.nlm.nih.gov/pubmed/18768855
http://dx.doi.org/10.1038/nature16527
http://dx.doi.org/10.1016/j.bbrc.2016.08.055
http://dx.doi.org/10.1002/JLB.1MA1217-475R
http://dx.doi.org/10.1016/j.celrep.2020.108164


Cells 2021, 10, 19 13 of 14

31. O’Sullivan, J.A.; Wei, Y.; Carroll, D.J.; Moreno-Vinasco, L.; Cao, Y.; Zhang, F.; Lee, J.J.; Zhu, Z.; Bochner, B.S. Frontline Science:
Characterization of a novel mouse strain expressing human Siglec-8 only on eosinophils. J. Leukoc. Biol. 2018, 104, 11–19.
[CrossRef] [PubMed]

32. Wei, Y.; Chhiba, K.D.; Zhang, F.; Ye, X.; Wang, L.; Zhang, L.; Robida, P.A.; Moreno-Vinasco, L.; Schnaar, R.L.; Roers, A.; et al.
Mast Cell-Specific Expression of Human Siglec-8 in Conditional Knock-in Mice. Int. J. Mol. Sci. 2018, 20, 19. [CrossRef] [PubMed]

33. Knuplez, E.; Krier-Burris, R.; Cao, Y.; Marsche, G.; O’Sullivan, J.; Bochner, B.S. Frontline Science: Superior mouse eosinophil
depletion in vivo targeting transgenic Siglec-8 instead of endogenous Siglec-F: Mechanisms and pitfalls. J. Leukoc. Biol. 2020, 108,
43–58. [CrossRef] [PubMed]

34. Nycholat, C.M.; Duan, S.; Knuplez, E.; Worth, C.; Elich, M.; Yao, A.; O’Sullivan, J.; McBride, R.; Wei, Y.; Fernandes, S.M.; et al.
A Sulfonamide Sialoside Analogue for Targeting Siglec-8 and -F on Immune Cells. J. Am. Chem. Soc. 2019, 141, 14032–14037.
[CrossRef] [PubMed]

35. Bryce, P.J.; Falahati, R.; Kenney, L.L.; Leung, J.; Bebbington, C.; Tomasevic, N.; Krier, R.A.; Hsu, C.L.; Shultz, L.D.; Greiner,
D.L.; et al. Humanized mouse model of mast cell-mediated passive cutaneous anaphylaxis and passive systemic anaphylaxis.
J. Allergy Clin. Immunol. 2016, 138, 769–779. [CrossRef]

36. Moon, T.C.; Befus, A.D.; Kulka, M. Mast cell mediators: Their differential release and the secretory pathways involved. Front.
Immunol. 2014, 5, 569. [CrossRef]

37. Krystel-Whittemore, M.; Dileepan, K.N.; Wood, J.G. Mast Cell: A Multi-Functional Master Cell. Front. Immunol. 2015, 6, 620.
[CrossRef]

38. Nutku, E.; Aizawa, H.; Hudson, S.A.; Bochner, B.S. Ligation of Siglec-8: A selective mechanism for induction of human eosinophil
apoptosis. Blood 2003, 101, 5014–5020. [CrossRef]

39. von Gunten, S.; Vogel, M.; Schaub, A.; Stadler, B.M.; Miescher, S.; Crocker, P.R.; Simon, H.U. Intravenous immunoglobulin
preparations contain anti-Siglec-8 autoantibodies. J. Allergy Clin. Immunol. 2007, 119, 1005–1011. [CrossRef]

40. Na, H.J.; Hudson, S.A.; Bochner, B.S. IL-33 enhances Siglec-8 mediated apoptosis of human eosinophils. Cytokine 2012, 57, 169–174.
[CrossRef]

41. Nutku, E.; Hudson, S.A.; Bochner, B.S. Mechanism of Siglec-8-induced human eosinophil apoptosis: Role of caspases and
mitochondrial injury. Biochem. Biophys. Res. Commun. 2005, 336, 918–924. [CrossRef] [PubMed]

42. Nutku-Bilir, E.; Hudson, S.A.; Bochner, B.S. Interleukin-5 priming of human eosinophils alters siglec-8 mediated apoptosis
pathways. Am. J. Respir. Cell Mol. Biol. 2008, 38, 121–124. [CrossRef] [PubMed]

43. Carroll, D.J.; O’Sullivan, J.A.; Nix, D.B.; Cao, Y.; Tiemeyer, M.; Bochner, B.S. Sialic acid-binding immunoglobulin-like lectin 8
(Siglec-8) is an activating receptor mediating beta2-integrin-dependent function in human eosinophils. J. Allergy Clin. Immunol.
2018, 141, 2196–2207. [CrossRef] [PubMed]

44. Hudson, S.A.; Bovin, N.V.; Schnaar, R.L.; Crocker, P.R.; Bochner, B.S. Eosinophil-selective binding and proapoptotic effect in vitro
of a synthetic Siglec-8 ligand, polymeric 6’-sulfated sialyl Lewis x. J. Pharmacol. Exp. Ther. 2009, 330, 608–612. [CrossRef]
[PubMed]

45. Bochner, B.S.; Alvarez, R.A.; Mehta, P.; Bovin, N.V.; Blixt, O.; White, J.R.; Schnaar, R.L. Glycan array screening reveals a candidate
ligand for Siglec-8. J. Biol. Chem. 2005, 280, 4307–4312. [CrossRef] [PubMed]

46. Kiwamoto, T.; Brummet, M.E.; Wu, F.; Motari, M.G.; Smith, D.F.; Schnaar, R.L.; Zhu, Z.; Bochner, B.S. Mice deficient in the
St3gal3 gene product alpha2,3 sialyltransferase (ST3Gal-III) exhibit enhanced allergic eosinophilic airway inflammation. J. Allergy
Clin. Immunol. 2014, 133, 240–247. [CrossRef] [PubMed]

47. Kiwamoto, T.; Katoh, T.; Evans, C.M.; Janssen, W.J.; Brummet, M.E.; Hudson, S.A.; Zhu, Z.; Tiemeyer, M.; Bochner, B.S.
Endogenous airway mucins carry glycans that bind Siglec-F and induce eosinophil apoptosis. J. Allergy Clin. Immunol. 2015, 135,
1329–1340. [CrossRef]

48. Propster, J.M.; Yang, F.; Rabbani, S.; Ernst, B.; Allain, F.H.; Schubert, M. Structural basis for sulfation-dependent self-glycan
recognition by the human immune-inhibitory receptor Siglec-8. Proc. Natl. Acad. Sci. USA 2016, 113, E4170–E4179. [CrossRef]

49. Kroezen, B.S.; Conti, G.; Girardi, B.; Cramer, J.; Jiang, X.; Rabbani, S.; Muller, J.; Kokot, M.; Luisoni, E.; Ricklin, D.; et al. A Potent
Mimetic of the Siglec-8 Ligand 6’-Sulfo-Sialyl Lewis(x). ChemMedChem 2020, 15, 1706–1719. [CrossRef]

50. Jia, Y.; Yu, H.; Fernandes, S.M.; Wei, Y.; Gonzalez-Gil, A.; Motari, M.G.; Vajn, K.; Stevens, W.W.; Peters, A.T.; Bochner, B.S.; et al.
Expression of ligands for Siglec-8 and Siglec-9 in human airways and airway cells. J. Allergy Clin. Immunol. 2015, 135, 799–810.
[CrossRef]

51. Yu, H.; Gonzalez-Gil, A.; Wei, Y.; Fernandes, S.M.; Porell, R.N.; Vajn, K.; Paulson, J.C.; Nycholat, C.M.; Schnaar, R.L. Siglec-8
and Siglec-9 binding specificities and endogenous airway ligand distributions and properties. Glycobiology 2017, 27, 657–668.
[CrossRef] [PubMed]

52. Gonzalez-Gil, A.; Porell, R.N.; Fernandes, S.M.; Wei, Y.; Yu, H.; Carroll, D.J.; McBride, R.; Paulson, J.C.; Tiemeyer, M.; Aoki, K.;
et al. Sialylated keratan sulfate proteoglycans are Siglec-8 ligands in human airways. Glycobiology 2018, 28, 786–801. [CrossRef]
[PubMed]

53. Gonzalez-Gil, A.; Li, T.A.; Porell, R.N.; Fernandes, S.M.; Tarbox, H.E.; Lee, H.S.; Aoki, K.; Tiemeyer, M.; Kim, J.; Schnaar, R.L.
Isolation, identification, and characterization of the human airway ligand for the eosinophil and mast cell immunoinhibitory
receptor Siglec-8. J. Allergy Clin. Immunol. 2020. [CrossRef] [PubMed]

http://dx.doi.org/10.1002/JLB.2HI0917-391R
http://www.ncbi.nlm.nih.gov/pubmed/29601103
http://dx.doi.org/10.3390/ijms20010019
http://www.ncbi.nlm.nih.gov/pubmed/30577572
http://dx.doi.org/10.1002/JLB.3HI0120-381R
http://www.ncbi.nlm.nih.gov/pubmed/32134149
http://dx.doi.org/10.1021/jacs.9b05769
http://www.ncbi.nlm.nih.gov/pubmed/31460762
http://dx.doi.org/10.1016/j.jaci.2016.01.049
http://dx.doi.org/10.3389/fimmu.2014.00569
http://dx.doi.org/10.3389/fimmu.2015.00620
http://dx.doi.org/10.1182/blood-2002-10-3058
http://dx.doi.org/10.1016/j.jaci.2007.01.023
http://dx.doi.org/10.1016/j.cyto.2011.10.007
http://dx.doi.org/10.1016/j.bbrc.2005.08.202
http://www.ncbi.nlm.nih.gov/pubmed/16157303
http://dx.doi.org/10.1165/rcmb.2007-0154OC
http://www.ncbi.nlm.nih.gov/pubmed/17690326
http://dx.doi.org/10.1016/j.jaci.2017.08.013
http://www.ncbi.nlm.nih.gov/pubmed/28888781
http://dx.doi.org/10.1124/jpet.109.152439
http://www.ncbi.nlm.nih.gov/pubmed/19458105
http://dx.doi.org/10.1074/jbc.M412378200
http://www.ncbi.nlm.nih.gov/pubmed/15563466
http://dx.doi.org/10.1016/j.jaci.2013.05.018
http://www.ncbi.nlm.nih.gov/pubmed/23830412
http://dx.doi.org/10.1016/j.jaci.2014.10.027
http://dx.doi.org/10.1073/pnas.1602214113
http://dx.doi.org/10.1002/cmdc.202000417
http://dx.doi.org/10.1016/j.jaci.2015.01.004
http://dx.doi.org/10.1093/glycob/cwx026
http://www.ncbi.nlm.nih.gov/pubmed/28369504
http://dx.doi.org/10.1093/glycob/cwy057
http://www.ncbi.nlm.nih.gov/pubmed/29924315
http://dx.doi.org/10.1016/j.jaci.2020.08.001
http://www.ncbi.nlm.nih.gov/pubmed/32791164


Cells 2021, 10, 19 14 of 14

54. Schleimer, R.P.; Schnaar, R.L.; Bochner, B.S. Regulation of airway inflammation by Siglec-8 and Siglec-9 sialoglycan ligand
expression. Curr. Opin. Allergy Clin. Immunol. 2016, 16, 24–30. [CrossRef] [PubMed]

55. Zhang, M.; Angata, T.; Cho, J.Y.; Miller, M.; Broide, D.H.; Varki, A. Defining the in vivo function of Siglec-F, a CD33-related Siglec
expressed on mouse eosinophils. Blood 2007, 109, 4280–4287. [CrossRef] [PubMed]

56. Zimmermann, N.; McBride, M.L.; Yamada, Y.; Hudson, S.A.; Jones, C.; Cromie, K.D.; Crocker, P.R.; Rothenberg, M.E.; Bochner, B.S.
Siglec-F antibody administration to mice selectively reduces blood and tissue eosinophils. Allergy 2008, 63, 1156–1163. [CrossRef]

57. Rubinstein, E.; Cho, J.Y.; Rosenthal, P.; Chao, J.; Miller, M.; Pham, A.; Aceves, S.S.; Varki, A.; Broide, D.H. Siglec-F inhibition
reduces esophageal eosinophilia and angiogenesis in a mouse model of eosinophilic esophagitis. J. Pediatr. Gastroenterol. Nutr.
2011, 53, 409–416. [CrossRef]

58. Song, D.J.; Cho, J.Y.; Lee, S.Y.; Miller, M.; Rosenthal, P.; Soroosh, P.; Croft, M.; Zhang, M.; Varki, A.; Broide, D.H. Anti-Siglec-
F antibody reduces allergen-induced eosinophilic inflammation and airway remodeling. J. Immunol. 2009, 183, 5333–5341.
[CrossRef]

59. Song, D.J.; Cho, J.Y.; Miller, M.; Strangman, W.; Zhang, M.; Varki, A.; Broide, D.H. Anti-Siglec-F antibody inhibits oral egg allergen
induced intestinal eosinophilic inflammation in a mouse model. Clin. Immunol. 2009, 131, 157–169. [CrossRef]

60. Mao, H.; Kano, G.; Hudson, S.A.; Brummet, M.; Zimmermann, N.; Zhu, Z.; Bochner, B.S. Mechanisms of Siglec-F-induced
eosinophil apoptosis: A role for caspases but not for SHP-1, Src kinases, NADPH oxidase or reactive oxygen. PLoS ONE
2013, 8, e68143. [CrossRef]

61. Yokoi, H.; Choi, O.H.; Hubbard, W.; Lee, H.S.; Canning, B.J.; Lee, H.H.; Ryu, S.D.; von Gunten, S.; Bickel, C.A.; Hudson, S.A.;
et al. Inhibition of FcepsilonRI-dependent mediator release and calcium flux from human mast cells by sialic acid-binding
immunoglobulin-like lectin 8 engagement. J. Allergy Clin. Immunol. 2008, 121, 499–505. [CrossRef] [PubMed]

62. Schanin, J.; Gebremeskel, S.; Korver, W.; Falahati, R.; Butuci, M.; Haw, T.J.; Nair, P.M.; Liu, G.; Hansbro, N.G.; Hansbro, P.M.;
et al. A monoclonal antibody to Siglec-8 suppresses non-allergic airway inflammation and inhibits IgE-independent mast cell
activation. Mucosal. Immunol. 2020. [CrossRef]

63. Gebremeskel, S.; Davis, T.; Wong, A.; Brock, E.; Leung, J.; Schanin, J.; Youngblood, B. A Siglec-8 antibody reduces substance
P-induced inflammation by inhibiting MRGPR-mediated mast cell activation. Allergy 2020, 75, 66–67. [CrossRef]

64. O’Sullivan, J.A.; Carroll, D.J.; Cao, Y.; Salicru, A.N.; Bochner, B.S. Leveraging Siglec-8 endocytic mechanisms to kill human
eosinophils and malignant mast cells. J. Allergy Clin. Immunol. 2018, 141, 1774–1785. [CrossRef]

65. Satoh, M.; Iida, S.; Shitara, K. Non-fucosylated therapeutic antibodies as next-generation therapeutic antibodies. Expert Opin. Biol.
Ther. 2006, 6, 1161–1173. [CrossRef] [PubMed]

66. Melsen, J.E.; Lugthart, G.; Lankester, A.C.; Schilham, M.W. Human Circulating and Tissue-Resident CD56(bright) Natural Killer
Cell Populations. Front. Immunol. 2016, 7, 262. [CrossRef]

67. Poznanski, S.M.; Ashkar, A.A. What Defines NK Cell Functional Fate: Phenotype or Metabolism? Front. Immunol. 2019, 10, 1414.
[CrossRef]

68. Siebenhaar, F.; Bonnekoh, H.; Hawro, T.; Hawro, M.; Michaelis, E.; Rasmussen, H.; Singh, B.; Kantor, A.; Chang, A.; Maurer, M.
Safety and efficacy data of AK002, an anti-Siglec-8 monoclonal antibody, in patients with indolent systemic mastocytosis (ISM):
Results from a first-in-human, open-label phase 1 study. Allergy 2019, 74, 854–915. [CrossRef]

69. Altrichter, S.; Staubach, P.; Pasha, M.; Rasmussen, H.; Singh, B.; Chang, A.; Bernstein, J.; Siebenhaar, F.; Maurer, M. Efficacy and
safety data of AK002, an anti-siglec-8 monoclonal antibody, in patients with multiple forms of uncontrolled chronic urticaria
(CU): Results from an open-label phase 2a study. Allergy 2019, 74, 117–129. [CrossRef]

70. Levine, H.T.; Tauber, J.; Nguyen, Q.; Anesi, S.D. Phase 1b Study of AK002, an Anti-Siglec-8 Monoclonal Antibody, in Patients
with Severe Allergic Conjunctivitis (KRONOS Study). J. Allergy Clin. Immunol. 2020, 145, AB185. [CrossRef]

71. Dellon, E.S.; Peterson, K.A.; Murray, J.A.; Falk, G.W.; Gonsalves, N.; Chehade, M.; Genta, R.M.; Leung, J.; Khoury, P.; Klion, A.D.;
et al. Anti-Siglec-8 Antibody for Eosinophilic Gastritis and Duodenitis. N Engl. J. Med. 2020, 383, 1624–1634. [CrossRef] [PubMed]

72. Caldwell, J.M.; Collins, M.H.; Stucke, E.M.; Putnam, P.E.; Franciosi, J.P.; Kushner, J.P.; Abonia, J.P.; Rothenberg, M.E. Histologic
eosinophilic gastritis is a systemic disorder associated with blood and extragastric eosinophilia, TH2 immunity, and a unique
gastric transcriptome. J. Allergy Clin. Immunol. 2014, 134, 1114–1124. [CrossRef] [PubMed]

73. Shoda, T.; Wen, T.; Caldwell, J.M.; Collins, M.H.; Besse, J.A.; Osswald, G.A.; Abonia, J.P.; Arva, N.C.; Atkins, D.; Capocelli, K.E.;
et al. Molecular, endoscopic, histologic, and circulating biomarker-based diagnosis of eosinophilic gastritis: Multi-site study.
J. Allergy Clin. Immunol. 2020, 145, 255–269. [CrossRef] [PubMed]

http://dx.doi.org/10.1097/ACI.0000000000000234
http://www.ncbi.nlm.nih.gov/pubmed/26694037
http://dx.doi.org/10.1182/blood-2006-08-039255
http://www.ncbi.nlm.nih.gov/pubmed/17272508
http://dx.doi.org/10.1111/j.1398-9995.2008.01709.x
http://dx.doi.org/10.1097/MPG.0b013e3182182ff8
http://dx.doi.org/10.4049/jimmunol.0801421
http://dx.doi.org/10.1016/j.clim.2008.11.009
http://dx.doi.org/10.1371/journal.pone.0068143
http://dx.doi.org/10.1016/j.jaci.2007.10.004
http://www.ncbi.nlm.nih.gov/pubmed/18036650
http://dx.doi.org/10.1038/s41385-020-00336-9
http://dx.doi.org/10.1111/all.14504
http://dx.doi.org/10.1016/j.jaci.2017.06.028
http://dx.doi.org/10.1517/14712598.6.11.1161
http://www.ncbi.nlm.nih.gov/pubmed/17049014
http://dx.doi.org/10.3389/fimmu.2016.00262
http://dx.doi.org/10.3389/fimmu.2019.01414
http://dx.doi.org/10.1111/all.13962
http://dx.doi.org/10.1111/all.13958
http://dx.doi.org/10.1016/j.jaci.2019.12.323
http://dx.doi.org/10.1056/NEJMoa2012047
http://www.ncbi.nlm.nih.gov/pubmed/33085861
http://dx.doi.org/10.1016/j.jaci.2014.07.026
http://www.ncbi.nlm.nih.gov/pubmed/25234644
http://dx.doi.org/10.1016/j.jaci.2019.11.007
http://www.ncbi.nlm.nih.gov/pubmed/31738990

	Introduction 
	Siglecs and the Discovery of Siglec-8 
	Expression Pattern of Siglec-8 
	Siglec-8 Function on Eosinophils and Mast Cells 
	Anti-Eosinophil Activity 
	Anti-Mast Cell Activity 

	Development of AK002, a Humanized Anti-Siglec-8 mAb 
	AK002 Efficacy in Eosinophil- and Mast Cell-Mediated Diseases 
	Concluding Remarks 
	References

