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Abstract

The term “allergic diseases” encompasses several common, IgE-mediated conditions that range
from being annoying to those that are life-threatening. Available treatments include active
avoidance of the instigating allergen and the use of a variety of oral, inhaled, intranasal, intraocular
and injected agents. While most individuals with allergies do well with existing therapies, there
are still unmet therapeutic needs. Siglecs (sialic acid-binding, immunoglobulin-like lectins) are a
family of single-pass transmembrane I-type lectins found on various subsets of cells, especially
those of the immune system. All Siglecs have extracellular domains recognizing sialoside ligands,
and most contain cytoplasmic domains with inhibitory signaling activity. This review focuses on
Siglecs that likely play a role in regulating allergic and asthmatic responses, and how specific
Siglecs, expressed on cells such as eosinophils and mast cells, are being targeted for therapeutic
benefit.

1. Introduction

The seminal discovery and published description of anaphylaxis (meaning “backward
protection” to distinguish it from prophylaxis) by Portier and Richet in 1902 for which

they won the Nobel Prize (Portier and Richet, 1902), and the subsequent identification

of so-called reaginic antibody that conferred such reactivity as IgE by Ishizaka et al. and
Johansson et al. in the late 1960’s (Bennich et al., 1968) helped to clarify and galvanize the
definition of allergy (originally allergie) as originally coined by von Pirquet (Von Pirquet,
1946). It is now abundantly evident that allergic reactions require IgE-mediated sensitization
to typically innocuous proteins, glycans and drugs like pollens, danders, dust mites, molds,
foods, alpha-gal (galactose-a 1,3-galactose) and penicillin, just to name a few. Once an
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individual is sensitized by the binding of allergen-specific IgE to the alpha chain of the
heterotrimeric high-affinity IgE receptor FceRI on tissue mast cells and blood basophils,
subsequent re-exposure to that allergen triggers an allergic response with reproducible
characteristic features, signs, and symptoms.

Siglecs are a family of lectin receptors, expressed mainly but not exclusively on distinct
subsets of leukocytes, that recognize different configurations of sialic acid decorating a
range of glycoconjugates (Duan and Paulson, 2020). Most, but not all, possess cytoplasmic
domains that confer inhibitory signaling activity. It should therefore not come as a surprise
that there is growing interest in leveraging Siglecs both for their inhibitory activity in order
to dampen unwanted immune responses and to eliminate immune evasion when triggered
surreptitiously and nefariously, e.g., by sialoglycan-coated cancers to dampen beneficial
immune responses (Bochner and Zimmermann, 2015; Duan and Paulson, 2020).

The goal of this review is to briefly outline the concept of allergy to facilitate a better
understanding of its primary focus which is to summarize our current understanding of how
Siglecs, along with their ligands, regulate cell survival and activation on cells involved in
allergic reactions and allergic inflammation and how this knowledge is being leveraged to
develop and test novel therapeutics for allergic and related diseases.

2. Allergy, type 2 immunity, and allergic diseases including asthma

As mentioned above, allergy is the result of the immune system’s response to a typically
harmless foreign substance that results in the production of IgE recognizing that substance.
Indeed, tests for allergy involve the measurement of allergen-specific IgE in serum or
the assessment of allergen-specific reactivity through a bioassay. This bioassay consists
of applying specific allergens epicutaneously or percutaneously to perform skin testing
which, when positive due to the presence of allergen-specific IgE attached to FceRI on
cutaneous mast cells, results in mast cell activation within minutes causing a classic
localized, histamine-dependent, itchy wheal and flare response. These IgE-dependent
reactions are at the core of all allergic diseases and range from seasonal and perennial
allergic rhinoconjunctivitis to food and drug allergy to atopic dermatitis to many forms
of asthma to life-threatening anaphylaxis, a severe form of systemic allergic response
(Greenberger et al., 2019; Komlosi et al., 2022).

The production of IgE is the root cause of allergy, and the steps that lead to its production
are complex yet well delineated (Fig. 1). Given the size constraints of this review, the
interested reader is referred to textbooks and other more detailed sources of information
on this topic. In brief, the production of IgE appears to stem from the arm of the immune
system devoted to fighting off helminths and related parasites. Indeed, this so-called type
2 response includes a selective increase especially in the production of IgE antibody along
with expansion of eosinophils and the so-called Th2 subset of T helper cells, as well

as release of a distinct pattern of mediators including type 2 cytokines IL-4, IL-5, and
IL-13 from these and other immune cells including mast cells, basophils, and type 2
innate lymphoid cells (ILC2s) (Fig. 2). But not all type 2 inflammatory diseases are IgE/
allergen-mediated, even though many inflammatory aspects are similar, such as eosinophilic
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gastrointestinal disorders including eosinophilic esophagitis (Azouz and Rothenberg, 2019),
chronic rhinosinusitis with nasal polyps (Schleimer, 2017) and chronic spontaneous urticaria
(Kolkhir et al., 2021). Since mast cells and their histamine-containing blood counterpart,
basophils, can be activated via receptors other than FceRI (Dahlin et al., 2022; Galli et

al., 2020; Kolkhir et al., 2021), allergic-like signs and symptoms can occur independent

of IgE. Examples of the latter include acute reactions to radiocontrast dye infusions

and various medications. In addition, not all forms of rhinitis, eczema and asthma are
allergic in nature and are thus non-IgE mediated, underscoring the point that these diseases
have subtypes and endotypes that are important to recognize during diagnosis because
treatments for each differ depending on underlying mechanisms. Overall, for various forms
of allergic and related disorders involving the airways, approved treatments include allergen
immunotherapy (the goal of which is to induce immune tolerance to specific allergens), as
well as mediator receptor antagonists (H1 antihistamines, leukotriene receptor antagonists),
beta adrenergic agonists, topical and inhaled corticosteroids, and biologics targeting IgE,
IL-4Ra (which blocks the activity of both IL-4 and IL-13), IL-5 and its receptor, and TSLP
(thymic stromal lymphopoietin, an alarmin) (Brusselle and Koppelman, 2022; Greenberger
etal., 2019; Lommatzsch et al., 2022). The fact that so many of these drugs are focused

on mast cells or mast cell-derived mediators, eosinophils, and type 2 inflammatory
cytokines underscores their crucial role in disease pathophysiology (Jacobsen et al., 2021).
Targeting Siglecs on some of these same cells has the potential to dampen pathophysiologic
pathways by directly inhibiting pathogenic cells that cause allergic diseases (Bochner, 2016;
O’Sullivan et al., 2020); discussions that follow will expand upon this topic.

3. Siglecs relevant to effector cells in allergic responses

Siglecs are single-pass transmembrane receptors with N-terminal sialic acid-binding lectin
domains predominantly expressed on the surface of leukocytes and are found on cells of
virtually all vertebrate species. Most, but not all, contain cytoplasmic domains possessing
immunoreceptor tyrosine-based inhibitory motifs (ITIMs) and immunoreceptor tyrosine-
based switch motifs (ITSMs) that recruit phosphatases and thus facilitate inhibitory
signaling. Siglecs are typically divided into two groups: those related to Siglec-3 (CD33)
and all others, the latter group being more highly conserved as true orthologs, at least among
mice and humans (Fig. 3). For the CD33-related subset of Siglecs, their genes tend to be
clustered primarily in one location, such as on chromosome 19 in humans and non-human
primates, chromosome 7 in mice and chromosome 1 in rats and dogs, suggesting that they
evolved via gene duplication (Angata et al., 2004; Cao and Crocker, 2011; Cao et al.,

2009). Some Siglecs, such as CD33, are highly conserved across species, while others are
unique to humans and non-human primates, such as Siglec-8 (humans and chimpanzees) and
Siglec-10 (humans, chimpanzees, and rhesus) (Cao et al., 2009; Hudson et al., 2011). For
simplicity, clarity, and space constraints, as well as the fact that we know the most about
them, what follows will focus on mouse and human Siglecs in allergy (Fig. 3). And given
that the topic is allergies and asthma, most of the discussion will center around mast cells,
basophils, eosinophils, and IgE-producing plasma cells. One final intriguing point worth
mentioning is that ILC2 cells and CD4+ T cells, including the Th2 subset, do not appear to
express any Siglecs.
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3.1 Mouse versus human Siglec expression patterns and allergy

3.2 Glycan

When considering Siglecs relevant to mouse and human mast cells, eosinophils, basophils
and plasma cells, there are more differences across species than similarities (Duan and
Paulson, 2020; Varki et al., 2017), hence the motivation to make mice that express human
Siglecs in ways that recapitulate their cellular expression patterns on human cells when

the goal is to study human Siglec function in a preclinical model ((McCord and Macauley,
2022) and see below). For example, IgE-producing plasma cells in mice and humans have
not specifically been studied for their expression of Siglecs, but these cells originate from B
cells, which in humans express CD22, Siglec-5, Siglec-9 and Siglec-10 and in mice express
CD22 and Siglec-G (Duan and Paulson, 2020). In other cases, expression patterns among
mouse versus human cells are quite different. For instance, only CD33 has been detected on
mouse mast cells (Akula et al., 2020) whereas human mast cells also express CD33 (note
that mouse and human CD33 are considered orthologs but have different transmembrane
and cytoplasmic domains and functions (Brinkman-Van der Linden et al., 2003; Duan et

al., 2019)), but also express Siglec-6, Siglec-7, Siglec-8 and low levels of CD22, Siglec-5
and Siglec-10 (Florian et al., 2006; O’Sullivan et al., 2020; Yokoi et al., 2006). Human
basophils express CD33, Siglec-5, Siglec-7, and low levels of CD22 and Siglec-8 (Florian

et al., 2006; Mizrahi et al., 2014) but nothing is reported about mouse basophil Siglec
expression. Human eosinophils express CD33, Siglec-7, Siglec-8 and Siglec-10 (Legrand

et al., 2019b; O’Sullivan et al., 2020; Youngblood et al., 2021), while mouse eosinophils
express CD33 and Siglec-F, the latter considered a functional paralog of Siglec-8 because of
shared expression by eosinophils and some overlapping recognition of specific glycan ligand
(Kiwamoto et al., 2015; Tateno et al., 2005). Siglec-F, unlike Siglec-8, is not expressed on
mouse mast cells, and unlike human cells is expressed on alveolar macrophages and tuft
cells of the gastrointestinal tract (Gicheva et al., 2016; Stevens et al., 2007). Put another way,
there is no mouse ortholog of Siglec-5 or Siglec-6, while Siglec-9 is an ortholog of Siglec-E
and Siglec-10 is an ortholog of Siglec-G, yet expression of orthologs vary between mice and
humans. It is noteworthy that in humans, expression of Siglec-6 is particularly selective for
mast cells (Plum et al., 2020; Robida et al., 2022) and trophoblastic cells of the placenta
(Takei et al., 1997), while Siglec-8 is selectively expressed on mast cells and eosinophils
(Bochner, 2016), and expression of Siglec-8 polymorphisms associate with asthma (Akula et
al., 2020; Gao et al., 2010). Little is known about what controls this cellular selectivity at
the promotor or epigenetic level other than a possible role for the transcription factor Olig2
in regulating Siglec-8 gene expression (Hwang et al., 2016) and the finding that leukemic
cells can aberrantly express Siglec-6 (Jetani et al., 2021; Kovalovsky et al., 2021). Given the
strong selectivity of expression of CD33, Siglec-6, Siglec-8, and mouse Siglec-F on allergic
effector cells, the next two sections will focus exclusively on these receptors when reviewing
what is known about their ligands.

ligands for CD33, Siglec-6, Siglec-8, and Siglec-F

By definition, Siglecs bind sialic acids, which exist as terminal sugars displayed on
glycoproteins and glycolipids in a2,3, a.2,6, or a2,8 linkages (Cummings and Pierce, 2014;
Gonzalez-Gil and Schnaar, 2021; Schnaar, 2015, 2016). This binding occurs within the
N-terminal lectin domain in a binding pocket that contains an arginine residue required

for carbohydrate binding activity (Propster et al., 2016). In determining sialic acid binding
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specificities, numerous approaches have been employed. Among these, glycan arrays and
related assays have been particularly fruitful (Blixt et al., 2004; Bochner et al., 2005; Bull

et al., 2021; Cummings and Pierce, 2014; Rodrigues et al., 2020). Such approaches, which
assay binding of Siglec constructs such as a Siglec-Ig fusion protein, have determined

that CD33 and Siglec-6 prefer a.2,6-linked sialic acid, while Siglec-8 and Siglec-F bind
a2,3-linked sialic acid (Gonzalez-Gil and Schnaar, 2021). However, glycan interactions can
be difficult to predict and involve numerous factors other than the sialic acid glycosidic
linkage. For example, Siglec-8 binding also requires sulfation of the 6" position on an
adjacent galactose (this structure is also a ligand for Siglec-F); Siglec-8 glycan ligands

such as 6’-sulfated sialyl Lewis X can be recognized by CD33 but not by other Siglecs;

and Siglec-F recognizes some additional, multiantennary a.2,3-linked sialic acid glycans
that are not recognized by Siglec-8 (Bull et al., 2021; Kiwamoto et al., 2015; Propster et

al., 2016). This knowledge has led to the development and testing of various glycans and
glycomimetic agents, such as those that preferentially bind CD33 and Siglec-8 (Hudson et
al., 2009; Kroezen et al., 2020; Nycholat et al., 2019; Rillahan et al., 2014). Implicit in these
observations is the requirement for sialyl- and sulfotransferases necessary for the cellular
synthesis of requisite glycan ligands. In mice, for example, animals lacking the St3ga/3 gene
product a.2,3 sialyltransferase (ST3Gal-I11) are incapable of making Siglec-F lung ligands
(Guo et al., 2011). Similar approaches using specific sulfotransferase (e.g., keratan sulfate
galactose 6-O-sulfotransferase (CHS71)) null mice (Kumagai et al., 2018; Patnode et al.,
2013) or cell lines overexpressing sulfotransferases (Jung et al., 2021) have added to our
knowledge of Siglec binding specificities and the requirement (or not) for sulfation for
glycan binding to Siglec-F, Siglec-8 and CD33. Therefore, while glycan binding specificities
for each Siglec can be overlapping or distinct, conformations of sialoside ligands confer this
specificity.

3.3 Endogenous glycoprotein ligands for CD33, Siglec-6, Siglec-8, and Siglec-F

Unlike the approaches just mentioned above, different strategies are needed to identify the
glycoprotein (most commonly) or glycolipid carrier of each glycan ligand, its so-called
“natural ligand” (Varki, 2009). Here, tissues or biological fluids are typically screened using
histochemistry or shotgun glycomics with Siglec-Ig fusion proteins or related scaffolds,
along with western blotting, affinity chromatography, and mass spectrometry to identify
endogenous ligands (Gonzalez-Gil and Schnaar, 2021; Park et al., 2020; Schnaar, 2016;
Song et al., 2011). As a result, we now know that in mouse lung, Siglec-F ligands are
carried mainly by the mucin Muc5b and to a much smaller extent by Muc4 (Kiwamoto

et al., 2015). While reported ligands for Siglec-6 include leptin and glycodelin A (Lam
etal., 2011; Patel et al., 1999), none of the above tissue-based or biological fluid-based
assays have identified endogenous ligands. Similarly, despite some overlap between glycan
binding specificities with Siglec-8 and CD33, little is known about endogenous ligands

for CD33. In contrast, significant progress has been made in identifying Siglec-8 ligands,
but with the surprising finding of marked tissue specificity: In the lower human airway,
Siglec-8 ligands are carried by aggrecan on its keratan sulfate chains (Gonzalez-Gil et al.,
2018), while in both the upper and lower airways, Siglec-8 ligand is also on keratan sulfate
chains but on a subset of a different glycoprotein, DMBT1 (deleted in malignant brain tumor
1) (Gonzalez-Gil et al., 2021; Jia et al., 2015; Lee et al., 2021). Whether there are any
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allergic disease-related variations in the amounts or glycosylation patterns in DMBT1 in
allergic diseases remains unknown but is under investigation. Finally, while not necessarily
relevant to allergic diseases, yet another glycoprotein carries Siglec-8 and Siglec-F ligands
in the brain, namely a minor subset of phosphacan, also known as receptor protein tyrosine
phosphatase zeta (RPTPC) that also binds to CD33 (Gonzalez-Gil et al., 2022).

4. Targeting Siglecs and their ligands to modulate allergic inflammation

The selective expression profile and immunoregulatory potential of Siglecs has led to
numerous studies exploring the function and therapeutic opportunity of targeting Siglecs

to dampen allergic inflammation. Two main approaches have been used to exploit the
inhibitory nature of Siglecs in vivo and in vitro in allergic settings (Angata et al., 2015).
One strategy has been to target Siglecs with antibodies to either reduce the numbers of
Siglec-expressing cells, mediate inhibition through engagement of the Siglec, or both. The
second approach has been to co-crosslink an activating receptor like FceRI with a specific
Siglec using liposomal nanoparticles displaying an allergen and a high-affinity glycan Siglec
ligand. Both strategies have yielded strongly positive proof-of-concept data and further
support Siglecs as viable therapeutic targets in allergic disease. Indeed, antibodies against
Siglec-8 and Siglec-6 are currently under clinical and pre-clinical development, respectively
for the treatment of allergic and inflammatory diseases.

4.1 Mouse models in wild type and genetically modified mice

The role of Siglecs in allergic inflammation has been studied in vivo using diverse
methodology due to the selective expression pattern and species specificity of mouse and
human Siglecs. Given its predominant expression on mouse eosinophils, Siglec-F has been
widely studied in models of allergic inflammation using knockout (KO) mice or antibody
targeting. The first insight into the biological function of Siglec-F came from mice lacking
Siglec-F. In a model of allergic asthma, Siglec-F KO mice had enhanced lung, blood,

and bone marrow eosinophilia, perhaps due to reduced death of eosinophils compared

to wild type mice (Zhang et al., 2007) suggesting Siglec-F functions as an inhibitory
receptor on eosinophils. Similar airway eosinophilia findings were noted in lung allergen
challenge models using mice incapable of generating lung ligands for Siglec-F due to a
lack of the St3gal3 enzyme, a specific sialyl transferase (Kiwamoto et al., 2014; Kiwamoto
et al., 2015; Suzukawa et al., 2013). Other studies in normal or IL-5 transgenic mice
demonstrated that Siglec-F antibody administration selectively reduced blood and tissue
eosinophils (Zimmermann et al., 2008). Similarly, Siglec-F antibody treatment significantly
reduced circulating and tissue eosinophils and improved disease severity in multiple models
of allergen-induced eosinophilic inflammation (Camilleri et al., 2021; Rubinstein et al.,
2011; Song et al., 2009a; Song et al., 2009b). But a word of caution is warranted when
interpreting these results because Siglec-F antibody-mediated depletion can be incomplete
or relatively ineffective given that Siglec-F engagement, unlike Siglec-8 engagement, is a
poor inducer of mouse eosinophil death (Knuplez et al., 2020; Mao et al., 2013). It therefore
remains possible that antibodies targeting Siglec-F could be having effects due to effects

on cells beyond just eosinophils, or by blocking Siglec-F ligand binding to endogenous
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ligands. Despite these lingering questions, this literature highlights the potential of targeting
an eosinophil Siglec to attenuate allergic inflammation.

Because Siglec-F appears to regulate eosinophilic inflammation, significant effort has

been made to better understand the biology of human Siglecs and their potential role

in modulating allergic responses in mice. Since most of these human Siglecs are not
conserved in lower species, mice have been genetically engineered to express them on
relevant immune cells that contribute to allergic inflammation, including mast cells and
eosinophils (McCord and Macauley, 2022). To study the role of Siglec-3 and Siglec-8

in modulating mast cell-mediated anaphylaxis in vivo, transgenic mice were generated
using Cre-specific strategies to specifically express these human Siglecs on mouse mast
cells (Duan et al., 2021; Duan et al., 2019; Wei et al., 2018). In these mice, liposomal
nanoparticles displaying both allergen and a high-affinity glycan ligand for either Siglec-3
(CD33) or Siglec-8 profoundly suppressed IgE-mediated mast cell activation in vitro and

in vivo, including systemic and cutaneous anaphylaxis (Duan et al., 2021; Duan et al.,
2019). In addition to transgenic mice, humanized mice expressing human stem cell factor,
granulocyte-macrophage colony stimulating factor (GM-CSF) and IL-3 engrafted with
human thymus, liver, and hematopoietic stem cells have been shown to be a useful model
to study Siglec function on human mast cells in mice in the context of allergy. These mice
give rise to functional human mast cells in tissues that express human Siglec-3, -6, and -8
and can undergo mast cell-mediated systemic anaphylaxis (Bryce et al., 2016), as can other
types of humanized mast cell mice (Dispenza et al., 2020). The administration of a Siglec-8
monoclonal antibody (mAb) significantly protected humanized mice from IgE-mediated
systemic anaphylaxis (Youngblood et al., 2019b). Similarly, treatment with a Siglec-6

mAb completely protected against IgE-mediated systemic anaphylaxis and reduced mast
cell-derived mediators in humanized mice (Schanin et al., 2022). These findings demonstrate
that human Siglec-3, -6, and -8 can potently and effectively inhibit IgE-activated mast cells
in vivo through ligand or antibody-targeting strategies.

To better understand the role of Siglec-8 in chronic allergic inflammation, a Siglec-8
transgenic mouse that bears the human SIGLECS gene, including the putative promoter
and regulator elements, was generated. This mouse shows human-relevant expression of
Siglec-8 on both mouse eosinophils and mast cells that is not dependent on a Cre-promoter
(Youngblood et al., 2019a). In a model of allergen-induced eosinophilic gastroenteritis,
Siglec-8 mAb treatment significantly reduced blood, gastric, and duodenal eosinophils as
well as local and systemic type-2 inflammatory cytokines and chemokines (Youngblood

et al., 2019a). Siglec-8 mAb treatment also reduced the infiltration of gastrointestinal

mast cells, consistent with mast cell inhibition. Subsequently, the effects of Siglec-8 mAb
treatment have been evaluated in a model of mast cell-driven IL-33-induced inflammation.
IL-33 is an alarmin that can contribute to allergic inflammation by activating eosinophils,
mast cells, basophils and ILC2s through its receptor ST2 (Chan et al., 2019). Siglec-8
transgenic mice injected with IL-33 and dosed with a Siglec-8 mAb had significantly
reduced neutrophils, eosinophils, and inflammatory mediators, including 1L-6, CCL2, and
IL-13 (Schanin et al., 2020). Transcriptomic profiling of mast cells ex vivo revealed that
Siglec-8 mAb treatment normalized the IL-33-activated mast cell transcriptome, indicative
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of Siglec-8-mediated mast cell inhibition. Collectively, these studies demonstrate that
Siglec-8 induces inhibition of both IgE- and IL-33-mediated mast cell activation.

Respiratory viral infections cause asthmatic exacerbations by triggering the recruitment of
inflammatory cells into the lungs via multiple mechanisms, including toll-like receptor
(TLR) activation (Jackson and Johnston, 2010). While eosinophils and mast cells are
recognized as pathogenic drivers in allergic asthma, their contribution to viral inflammation
is not well established. The activity of a Siglec-8 mAb was evaluated in a model of TLR-
mediated viral inflammation using polyinosinic:polycytidylic acid (poly I:C) as well as a
respiratory viral infection model in Siglec-8 transgenic mice. In both settings, Siglec-8
mADb treatment reduced overall airway inflammation and protected against virus-induced
pathology (Gebremeskel et al., 2021), suggesting Siglec-8 and antibodies that target this
receptor can modulate viral inflammation in the lung.

Finally, while not necessarily a treatment for existing allergic diseases, at least one strategy
involving Siglecs has been used to prevent production of IgE by plasma cells. By targeting
both CD22 (Siglec-2) and the B cell receptor recognizing peanut allergen with liposomes,
IgE-mediated sensitization to peanut was blocked. This might have been due to the
elimination of B cells capable of becoming plasma cells that would have made peanut
specific IgE (Orgel et al., 2017).

4.2 Human cells in vitro

In vitro experimentation has been instrumental in characterizing the functions and signaling
cascades initiated by Siglec receptors on human eosinophils, mast cells, and basophils.
Among the human Siglecs most comprehensively studied in vitro on these cell types is
Siglec-8, particularly on eosinophils. The extensive crosslinking of Siglec-8 on peripheral
blood eosinophils or the antibody engagement of Siglec-8 on eosinophils following cytokine
(e.g., IL-5, GM-CSF, or 1L-33) priming leads to cell death (Na et al., 2012; Nutku et

al., 2003; Nutku-Bilir et al., 2008), although the mechanisms leading to cell death appear
to differ somewnhat between these conditions. In response to extensive crosslinking, non-
cytokine-primed eosinophils undergo cell death that is caspase-dependent and involves
reactive oxygen species (ROS) production and mitochondrial membrane potential (MMP)
dissipation (Nutku et al., 2003; Nutku et al., 2005), whereas Siglec-8 antibody engagement
on IL-5-primed eosinophils accelerates MMP dissipation and leads to caspase-independent
cell death that remains dependent on ROS (Nutku-Bilir et al., 2008). Ligation of Siglec-8
on IL-5-primed eosinophils with the high-avidity ligand 6”-sulfo-sialyl Lewis X-decorated
polyacrylamide likewise induces eosinophil death (Hudson et al., 2009).

The signaling and cellular events preceding cell death have also been explored in vitro in
human eosinophils. Siglec-8 ligation on IL-5-primed eosinophils leads to the upregulation
and conformational activation of CD11b/CD18 integrin, and CD11b/CD18-mediated
adhesion is necessary for ROS generation and cell death (Carroll et al., 2018). PI3K, p38,
and JNK1 are also necessary for cell death induction, and their activation is augmented

by integrin-mediated adhesion. The concurrent stimulation of eosinophils with I1L-5 and anti-
Siglec-8 leads to cell death in a manner that is dependent on MEK/ERK signaling only after
ROS production, implicating these enzymes in a later stage of the cell death process (Kano
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et al., 2013). Only recently have the early signaling events connecting Siglec-8 ligation to
integrin upregulation been elucidated. In IL-5-primed eosinophils, Siglec-8 ligation initiates
a signaling cascade involving a SFK, Syk, PI3K, PAK1, Rac-1, MEK1, ERK1/2, PLC, and
PKC that leads to CD11b upregulation (Carroll et al., 2021). The enzyme Btk is involved in
the conformational activation of CD11b. Actin filament depolymerization is necessary and
sufficient for CD11b upregulation, but actin polymerization is necessary for ROS production
following integrin involvement.

In vitro assays have also been used to establish that Siglec-8 is internalized into human
eosinophils in a manner that requires actin rearrangement and the activities of a tyrosine
kinase and PKC (O’Sullivan et al., 2018). This process can also be exploited to deliver
therapeutic or toxic cargo to eosinophils, e.g., under conditions in which Siglec-8 ligation
alone would not consistently lead to cell death.

Beyond in vivo studies, the signaling and function of Siglec-F on mouse eosinophils has
also been studied in vitro. Siglec-F ligation induces receptor internalization (Tateno et al.,
2007) as well as cell death of mouse eosinophils, but to a minimal extent compared with its
closest functional paralog in humans, Siglec-8 (Knuplez et al., 2020; Mao et al., 2013). This
pathway also differs from that initiated by Siglec-8 engagement in that it is independent of
both SFK activity and ROS and is not associated with CD11b upregulation (Knuplez et al.,
2020; Mao et al., 2013). Siglec-F antibody ligation exerts additional—and unanticipated—
effects, such as the potentiation of IL-33-induced activation of and I1L-4, IL-13, CCL3, and
CCLA4 secretion from mouse bone marrow-derived eosinophils (Westermann et al., 2022).

Human eosinophils additionally express Siglec-7 (Munitz et al., 2006). The engagement
of Siglec-7, unlike Siglec-8, does not lead to cell death but rather to the reduction of
GM-CSF-stimulated release of EPX, TNF-a, and IL-8 from human eosinophils (Legrand
et al., 2019b). This is accompanied by the phosphorylation of SHP-1 and the inhibition of
ERK1/2 and p38 phosphorylation.

Siglec-8 and Siglec-7 have been investigated in vitro on human mast cells as well. The
ligation of Siglec-8 on human CD34+ cell-derived mast cells was found to inhibit FceRI-
mediated Ca2+ flux and release of histamine and PGD as well as reduce IgE-mediated
human bronchial ring smooth muscle contraction (Yokoi et al., 2008). Co-crosslinking

of FceRla and Siglec-8 has additionally been shown to inhibit the activation and
degranulation of mouse bone marrow-derived and human CD34+ cell-derived mast cells

as well as ex vivo human lung tissue mast cells (Kerr et al., 2020; Korver et al.,

2022). Phospho-proteomic profiling of FceRI-activated mast cells revealed Siglec-8 mAb
treatment globally inhibited proximal and downstream kinases, leading to attenuated mast
cell activation and degranulation. In fact, Siglec-8 was found to directly interact with FceRI
signaling molecules. Siglec-8 inhibition was dependent on both cytoplasmic ITIMs that
interact with the SH2 containing protein phosphatase Shp-2 upon Siglec-8 phosphorylation.
These findings support a model in which Siglec-8 regulates proximal FceRI-induced
phosphorylation events through phosphatase recruitment and interaction with FceRI that
results mast cell inhibition upon Siglec-8 mAb engagement (Korver et al., 2022). Ligation
of Siglec-8 with an antibody has also been shown to inhibit IgE-independent mast cell
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activation in vitro, including IL-33-mediated neutrophil migration (Schanin et al., 2020).
Although Siglec-8 engagement itself does not induce cell death of human mast cells, the
Siglec-8 endocytic pathway can be exploited to deliver toxic cargo to cause the death of even
human mast cell lines, like HMC-1.2 (O’Sullivan et al., 2018).

Co-crosslinking Siglec-7 with FceRI on human CD34+ cell-derived mast cells inhibits
degranulation and the release of the PGD, and GM-CSF (Mizrahi et al., 2014). This
inhibition requires co-crosslinking with FceRI and is accompanied by the recruitment

and phosphorylation of SHP-1, implicating this phosphatase in inhibitory signaling. Co-
crosslinking of Siglec-7 with FceRI on human basophils isolated from peripheral blood also
inhibits degranulation, although this effect is weaker than observed on mast cells (Mizrahi
et al., 2014). This diminished inhibitory effect may be related to its reduced expression on
basophils relative to mast cells. The functions of other Siglecs on human basophils have not
been characterized.

CD33 plays a similar inhibitory role upon co-crosslinking with FceRI1. Co-crosslinking
using antigenic liposomes bearing a lipid-modified CD33 glycan ligand inhibits calcium
flux and degranulation of the human mast cell line LAD2 as well as the IgE-mediated
bronchoconstriction of human lung sections in vitro (Duan et al., 2019).

Siglec-6 also exerts inhibitory effects on mast cell activation and mediator release. Ligation
of Siglec-6 concurrent with stimulation through FceRI, C5aR, or MRGPRX2 reduces
activation of human CD34+ cell- or skin tissue-derived mast cells (Robida et al., 2022; Yu et
al., 2018). Furthermore, the co-crosslinking of Siglec-6 with FceRI potentiates its inhibitory
effects on mast cell degranulation and cytokine/chemokine secretion and reduces activating
phosphorylation of ERK1/2 and p38 (Robida et al., 2022). Although Siglec-6 undergoes
endocytosis on human mast cells, it is maintained at the cell surface for longer periods than
Siglec-8 on the same cells.

4.3 Lirentelimab (AK002) pharmacology and clinical activity

The selective targeting of eosinophils and mast cells by Siglec-8 provides a promising
approach for the treatment of a wide range of allergic and inflammatory diseases.
Lirentelimab (AK002) is a humanized non-fucosylated 1gG1 kappa antibody that was
generated by the humanization of the mouse Siglec-8 mAb 2E2 clone (its precursor)
(Nutku et al., 2003; Youngblood et al., 2019b). Lirentelimab was developed as a non-
fucosylated 1gG1 antibody to enhance its binding affinity to FcyRIIIA, (CD16a), an Fc-
receptor that mediates ADCC (antibody-dependent cellular cytotoxicity) (Falconer et al.,
2018). Lirentelimab or its chimeric precursor mAb depletes human blood eosinophils in
vitro via a mechanism that is dependent on its afucosylated backbone, consistent with
ADCC-mediated activity (Legrand et al., 2019a; Youngblood et al., 2019b). In addition
to ADCC, lirentelimab, like mouse anti-Siglec-8 mAbs (Nutku-Bilir et al., 2008), induces
cell death of IL-5-activated eosinophils isolated from peripheral blood, highlighting an
additional mechanism for eosinophil depletion within tissues where eosinophils may be
primed by cytokines. When using dissociated human lung tissues from multiple donors,
lirentelimab significantly reduced tissue eosinophil numbers and inhibited IgE-mediated
mast cell activation (Kerr et al., 2020; Youngblood et al., 2019b). Interestingly, mast cells
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were not reduced. The lack of ADCC activity against tissue mast cells by lirentelimab is
most likely due to the preponderance of the less cytotoxic NK cell population (CD16M°
CD56) in most human tissues compared to the more cytotoxic, ADCC-inducing NK cell
population (CD16H1 CD56°) found in the blood (Stabile et al., 2017). In support of this,
co-culturing human mast cells from systemic mastocytosis patients with blood NK cells
(CD16M CD56M° ) reduced mast cell numbers via ADCC in the presence of lirentelimab
(Falahati et al., 2015). Collectively, the targeting Siglec-8 of with lirentelimab provides

a selective therapeutic option for the treatment of allergic and inflammatory diseases
associated with eosinophils and mast cells.

Lirentelimab has been evaluated in multiple allergic and inflammatory diseases, including
indolent systemic mastocytosis (ISM), chronic urticaria (CU), severe allergic conjunctivitis
(SAC), and eosinophilic gastrointestinal diseases (EGIDs) (Table 3). The first-in-human
study with lirentelimab was an open-label phase 1 study in patients with ISM. ISM is a rare
disease characterized by clonal, constitutively activated mast cells that can release excessive
mediators contributing to an array of debilitating symptoms and substantial quality of life
impairment. Study subjects received monthly infusions of lirentelimab over 6 months, with
a starting dose of 1 mg/kg and subsequent doses of 1, 3, 6, or 10 mg/kg. Lirentelimab

was well tolerated and produced consistent and substantial improvements across all ISM
symptom domains, including skin, gastrointestinal, neurological, and musculoskeletal, as
measured by patient-reported outcome questionnaires (Siebenhaar et al., 2019; Youngblood
etal., 2021).

Chronic urticaria, including chronic spontaneous (CSU) and chronic inducible urticaria
(CIndU), is a mast cell-driven disease, characterized by recurrent pruritic hives and itching,
angioedema, or both for >6 weeks. These patients have debilitating symptoms, and many
do not respond to approved therapies, such as antihistamines and omalizumab (Maurer et
al., 2011). Lirentelimab demonstrated beneficial activity in an open-label phase 2a trial
that enrolled patients with CSU (omalizumab naive and refractory) and CindU (such as
cholinergic and symptomatic dermographism) (Altrichter et al., 2021). Patients received six
monthly intravenous doses of lirentelimab (0.3, 1 and up to 3 mg/kg) with a primary efficacy
endpoint of change in urticaria control test (UCT) score at week 22. Urticaria activity

score (UAS7) was assessed in patients with CSU while CholUAS7 scores were used for
CholU patients. The study enrolled 45 patients in 4 cohorts, including omalizumab-naive
CSU, omalizumab-refractory CSU, cholinergic urticaria, and symptomatic dermographism.
UCT scores improved with lirentelimab across cohorts, with mean changes at week 22 of
11.1+4.1, 4.8+7.0, 6.56.2, and 3.4+4.1 with complete response rates (UCT =12) of 92%,
36%, 82%, and 40%, respectively. In addition, disease activity improved at week 22 in
omalizumab-naive and —refractory CSU patients (mean UAS7 change: —73% and —47%,
respectively), with UAS7 response rates (=50% reduction) of 77% and 45%, respectively.
In symptomatic dermographism patients, 50% and 40% had complete itch and hive
resolution by FricTest, respectively, and 100% of CholU patients had negative responses

to pulse-controlled ergometry exercise test. Lirentelimab was generally well-tolerated with
no treatment-related serious adverse events reported.
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In addition to ISM and chronic urticaria, lirentelimab demonstrated clinical activity in
relieving the signs and symptoms of allergic conjunctivitis, including reducing ocular
inflammation and symptoms of concomitant atopic dermatitis, asthma, and rhinitis (Anesi
etal., 2022). In this open-label phase 1b study patients with chronic, severely symptomatic
atopic keratoconjunctivitis (AKC), vernal keratoconjunctivitis (VKC) and perennial allergic
conjunctivitis (PAC), and who had a history of topical or systemic corticosteroid use, were
enrolled to receive up to six monthly lirentelimab infusions (Dose 1: 0.3 mg/kg, Dose

2: 1 mg/kg, subsequent doses: 1 or 3 mg/kg). Lirentelimab improved ocular signs and
symptoms across AKC, VKC, and PAC groups as measured by investigator- and patient-
reported outcome questionnaires. In addition, patients with atopic comorbidities, including
atopic dermatitis, asthma, and rhinitis demonstrated meaningful improvement, suggesting
lirentelimab treatment may be effective in treating a broad spectrum of allergic diseases.
Consistent with the improvement in signs and symptoms, decreased levels of type-1, type-2,
and type-17 cytokines and chemokines were observed post-lirentelimab treatment in patient
tears, including CCL3, CCL5, IL-4, IL-13, CCL11, CCL26, and IL-17A and most of these
mediators returned to baseline levels after infusions were stopped.

Eosinophilic gastrointestinal disorders are clinicopathologic conditions characterized by
chronic gastrointestinal symptoms and elevated eosinophil numbers in gastrointestinal
tissues. For example, biopsies from patients with eosinophilic esophagitis (EoE) and
eosinophilic gastritis/duodenitis (EoG/EoD) have been shown to have elevated and activated
eosinophils and mast cells (Ben-Baruch Morgenstern et al., 2022; Youngblood et al., 2019a).
The randomized, double-blind, placebo-controlled, multicenter Phase 2 ENIGMA trial
evaluated lirentelimab for the treatment of EoG and EoD (Dellon et al., 2020). The study
enrolled 65 patients with EoG, EoD, or both. A daily patient-reported outcome questionnaire
and central pathology reading were used to assess efficacy. Patients received 4 monthly

IV infusions of either 1 or 3 mg/kg lirentelimab or placebo. The primary endpoint was

the change in eosinophil count from baseline to 2 weeks after the final dose. Secondary
endpoints included treatment response (>30% reduction in total symptom score and >75%
reduction in gastrointestinal eosinophil count) and change in total symptom score (TSS).

In the intention-to-treat analysis of the primary endpoint, the mean percentage change

in gastrointestinal eosinophil count was —86% in the combined lirentelimab groups and
9% in the placebo group (p<0.001). Treatment response was observed in 63% of patients
treated with lirentelimab and 5% of patients treated with placebo (p<0.001). The mean
change in TSS was —48% in the lirentelimab group and —22% in the placebo group
(p=0.004). Similar statistically significant results were seen in the pre-specified per-protocol
analyses. Lirentelimab was generally well-tolerated. The most common adverse event
was mild-to-moderate infusion-related reactions (IRRs) including flushing, a feeling of
warmth, headache, nausea, or dizziness. IRRs were reported in 60% of all patients treated
with lirentelimab and 23% of patients in the placebo group. Other adverse events were
similar among the groups. Serious adverse events occurred in 9% of patients treated with
lirentelimab and 14% of patients receiving placebo. Similar efficacy and safety outcomes
were seen in an open-label extension study.
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Subsequently, lirentelimab has been administered in a Phase 3 EoG/EoD study as well

as a Phase 2/3 EoE study. To date, the results of these studies have not been published,
however the sponsor has announced that lirentelimab met the histologic co-primary endpoint
for both studies but did not meet statistical significance in the symptomatic co-primary
endpoints for both studies (https://investor.allakos.com/news-releases/news-release-details/
allakos-announces-topline-phase-3-data-enigma-2-study-and-phase).

5. Summary and conclusions

Funding

Allergic effector cells, including eosinophils, mast cells and basophils, are centrally involved
in the pathophysiology of allergy and asthma. Their activation results in the release of
numerous preformed and newly synthesized mediators that contribute to the signs and
symptoms of these disorders. There are several drugs approved for use or in development,
ranging from small molecules to biologics, that target many of the substances released by, or
that act on, these cells. But those that eliminate these cells or deliver signals to dampen or
prevent their activation, are sorely lacking. Siglecs, by virtue of these functional inhibitory
activities, show great promise as novel targets for asthma and allergies.

This research was funded by The Mastocytosis Society and the American Academy of Allergy, Asthma and
Immunology (J.A.O.); the National Heart, Lung, and Blood Institute (P01 HL107151 to B.S.B.); and the National
Institute of Allergy and Infectious Diseases (U19 Al1136443 and R21 Al1159586 to B.S.B., and U19 Al070535
subaward 107905120 to J.A.O.).

Abbreviations

ADCC antibody-dependent cellular cytotoxicity
AKC atopic keratoconjunctivitis

Btk Bruton’s tyrosine kinase

ChaR receptor for the complement protein C5a
CCL CC chemokine ligand

CholU cholinergic urticaria

CholUAS7? cholinergic urticaria UAS7

ClindU chronic inducible urticaria

CSuU chronic spontaneous urticaria

DMBT1 deleted in malignant brain tumor 1
EGID eosinophilic gastrointestinal disorder
EoD eosinophilic duodenitis

EoE eosinophilic esophagitis

Mol Aspects Med. Author manuscript; available in PMC 2024 April 01.


https://investor.allakos.com/news-releases/news-release-details/allakos-announces-topline-phase-3-data-enigma-2-study-and-phase
https://investor.allakos.com/news-releases/news-release-details/allakos-announces-topline-phase-3-data-enigma-2-study-and-phase

1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bochner et al.

EoG
EPX
ERK
FceRI
GM-CSF
IgE

IL

IRR

v

ISM
JNK1
KO
mAb
MEK
MMP
MRGPRX2
p38
PAC
PAK1
PGD
PI3K
PKC
PLC
Rac-1
ROS
RPTP(
SAC
SC

SFK

eosinophilic gastritis
eosinophil peroxidase
extracellular signal-regulated kinase

high affinity IgE receptor

granulocyte-macrophage colony stimulating factor

immunoglobulin E

interleukin

infusion-related reaction

intravenous

indolent systemic mastocytosis

c-Jun N-terminal kinase

knock out

monoclonal antibody

mitogen-activated protein kinase kinase
mitochondrial membrane potential
Mas-related G protein-coupled receptor X2
p38 mitogen-activated protein kinase
perennial allergic conjunctivitis
serine/threonine p21-activated kinase 1
prostaglandin D

phosphatidylinositol-3 kinase

protein kinase C

phospholipase C

Ras-related C3 botulinum toxin substrate 1
reactive oxygen species

receptor protein tyrosine phosphatase zeta
severe allergic conjunctivitis
subcutaneous

Src family non-receptor tyrosine kinase
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SHP Src homology 2 domain-containing protein phosphatase
Siglec sialic acid-binding immunoglobulin-like lectin
Syk spleen tyrosine kinase

Th2 type 2 helper T cell

TLR toll like receptor

TNF tumor necrosis factor

TSLP thymic stromal lymphopoietin

TSS total symptom score

UASY urticaria activity score over 7 days

UCT urticaria control test

VKC vernal keratoconjunctivitis
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Allergen exposure via cutaneous
or mucosal surfaces ( alarmins)

Antigen processing and presentation by
dendritic cells to allergen-specific T helper cells,
which then produce IL-4 near B cells within lymph nodes

B cell class switching and maturation into
allergen-specific IgE-producing plasma cells

IgE is released, circulates and attaches to high affinity
FceRl receptors on tissue mast cells and blood basophils

Upon repeat exposure, allergen-specific IgE attached to FceRI receptors
gets crosslinked by allergen to initiate degranulation and release

of preformed and newly synthesized mediators including histamine,
prostaglandins, cytokines, chemokines and other agents

Signs and symptoms of an allergic reaction ensue within
minutes, and can be followed by late phase inflammation

Figurel.
Sequential events resulting in the development of allergic reactivity.

Mol Aspects Med. Author manuscript; available in PMC 2024 April 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Bochner et al.
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Predominant
cellular source

Some
important
functions
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IL-4 IL-5 IL-13
Th2 cell Mast cell Basophil ILC2 cell
IL-4: Activates Th2 cell IL-5: Mediates IL-13: Activates endothelial
expansion and B cell eosinophil cell adhesion molecule
class switching to IgE; hematopoiesis and expression and chemokine
activates endothelial cell survival synthesis to recruit
adhesion molecule eosinophils; stimulates
expression and epithelial hyperplasia and
chemokine synthesis to mucus secretion

recruit eosinophils

Figure 2.
Type 2 cytokines, their predominant sources, and examples of important functions in

humans.
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Figure 3.
Mouse and human Siglecs, with a focus on those expressed on cells involved in allergy and

asthma.
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Table 1.

Summary of the effects of Siglec targeting in mouse models of disease.

inflammation, viral

infection

Disease M odel Siglec Mouse Strain Effect
Targeted
Anaphylaxis Human CD33 hCD33 knock-in Suppresses mast cell activation and protects against anaphylaxis (Duan et
(Siglec-3) al., 2019)
Siglec-6 Humanized Protects against anaphylaxis and reduces mast cell-derived mediators
(Schanin et al., 2022)
Siglec-8 Siglec-8 knock-in Suppresses mast cell activation and protects against anaphylaxis (Duan et
and humanized al., 2021; Youngblood et al., 2019b)
Allergic asthma Siglec-F Wild type vs. Lack of Siglec-F or its ligands exacerbate blood, bone marrow, and airway
Siglecf!~, St3gal3~, | eosinophilia (Kiwamoto et al., 2014; Kiwamoto et al., 2015; Suzukawa et
Muc5HND al., 2013; Zhang et al., 2007)
Allergen-induced Siglec-F Wild type Anti-Siglec-F Ab administration decreases blood and tissue eosinophil
eosinophilic numbers and ameliorates disease severity (Camilleri et al., 2021;
inflammation Rubinstein et al., 2011; Song et al., 2009a; Song et al., 2009b)
EGIDs Siglec-8 Siglec-8 transgenic Reduces blood and tissue eosinophil numbers, diminishes type-2
inflammatory cytokines and chemokines, reduces mast cell Gl infiltration
(Youngblood et al., 2019a)
IL-33-mediated Siglec-8 Siglec-8 transgenic Reduces neutrophil and eosinophil infiltration, decreases inflammatory
inflammation mediators (Schanin et al., 2020)
TLR-mediated Siglec-8 Siglec-8 transgenic Reduces airway inflammation and protects against virus-induced

pathology (Gebremeskel et al., 2021)
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Table 2.

Summary of the effects of Siglec engagement in vitro on eosinophils, mast cells, and basophils.

Cell Type | Siglec Targeted Effect
Eosinophil | Siglec-7 Inhibition of GM-CSF-induced degranulation and cytokine secretion (Legrand et al., 2019b)
Siglec-8 Cell death (upon extensive crosslinking or antibody ligation after cytokine priming) (Na et al., 2012;
Nutku et al., 2003; Nutku-Bilir et al., 2008)
Siglec-F (mouse Slight induction of ROS- and SFK-independent cell death (Mao et al., 2013); enhancement of IL-33-
eosinophils) induced cellular activation and cytokine/chemokine secretion (Westermann et al., 2022)
Mast cell Siglec-3 Inhibition of LAD2 cell degranulation, inhibition of IgE-mediated bronchoconstriction in vitro (with
FceRI co-crosslinking) (Duan et al., 2019)
Siglec-6 Inhibition of degranulation and cytokine/chemokine secretion (enhanced by co-crosslinking with FceRI)
(Robida et al., 2022; Yu et al., 2018)
Siglec-7 Inhibition of degranulation and cytokine/chemokine secretion (upon co-crosslinking with FceRI) (Mizrahi
etal., 2014)
Siglec-8 Inhibition of calcium flux, degranulation, and cytokine/chemokine secretion (upon antibody ligation or
co-crosslinking with FceRlI); inhibition of IL-33-mediated cytokine/chemokine secretion (Korver et al.,
2022; Yokoi et al., 2008)
Basophil Siglec-7 Inhibition of degranulation (Mizrahi et al., 2014)
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Table 3:
Clinical studies with Lirentelimab
Indication or Planned Study Status as of
Study Number Population Study Design Enrollment March 2022

AK002-001 Indolent systemic Phase 1, first-in-human, open label, dose 25 Study completed
NCT02808793 mastocytosis escalation, single and repeat-dose of (Siebenhaar et al., 2019)

lirentelimab 1V
AK002-002 Healthy volunteers Phase 1, placebo-controlled, dose 51 total Study completed
NCT02859701 escalation, single and repeat dose of 15 placebo (Rasmussen et al., 2018)

lirentelimab IV 36 lirentelimab
AK002-003 Eosinophilic gastritis | Phase 2, randomized, double-blind 65 total Study completed
(ENIGMA 1) and/or Eosinophilic placebo-controlled, repeat dose of 22 placebo (Dellon et al., 2020)
NCT03496571 gastroenteritis lirentelimab 1V 43 lirentelimab
AK002-005 Severe allergic Phase 1, open label, repeat dose of 27 Study completed (Anesi
NCTO03379311 conjunctivitis lirentelimab 1V etal., 2022)
AK002-006 Chronic urticaria Phase 2, open label, repeat dose of 47 Study completed
NCTO03436797 lirentelimab IV (Altrichter et al., 2021)
AKO002-011 Mast cell gastritis and | Phase 1, open label, repeat dose of 10-15 Study completed

gastroenteritis lirentelimab 1V
AKO002-014 Eosinophilic Phase 2/3, randomized, double-blind 300 Double-blind period
(KRYPTOS) esophagitis placebo-controlled, repeat dose of 245 completed
NCT04322708 lirentelimab IV Extension period in
progress
AK002-016 Eosinophilic gastritis | Phase 3, randomized, double-blind 160 Double-blind period
(ENIGMA 2) and/or Eosinophilic placebo-controlled, repeat dose of 159 completed
NCT04322604 duodenitis lirentelimab 1V Extension period in
progress

AKO002-017 Healthy volunteers Phase 1 study to evaluate safety, 66 total Study completed
NCT04324268 tolerability, and bioavailability of 36 lirentelimab SC

lirentelimab SC 12 Placebo SC

18 lirentelimab 1V

AKO002-018 Atopic dermatitis Phase 2, placebo-controlled, double- 130 total Study in progress
NCT05155085 blind, randomized repeat dose of 65 placebo

lirentelimab SC 65 lirentelimab
AKO002-021 Eosinophilic Phase 3, placebo-controlled, double- 94 Study in progress
NCT04856891 duodenitis blind, randomized repeat dose of

lirentelimab 1V

Abbreviations: 1V, intravenous; SC, subcutaneous
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