Molecular Aspects of Medicine xxx (Xxxx) XXX

Contents lists available at ScienceDirect

Molecular Aspects of Medicine

journal homepage: www.elsevier.com/locate/mam

ELSEVIER

Galectins in allergic inflammatory diseases

Lei Wan®™%"", Yu-An Hsu?, Chang-Ching Wei“¢, Fu-Tong Liu "%~

 School of Chinese Medicine, China Medical University, Taichung, Taiwan

® Department of Biotechnology, Asia University, Taichung, Taiwan

¢ Department of Gynecology, China Medical University Hospital, Taichung, Taiwan

4 Children’s Hospital, China Medical University Hospital, Taichung, Taiwan

€ College of Medicine, China Medical University, Taichung, Taiwan

{ Institute of Biomedical Sciences, Academia Sinica, Taipei, Taiwan

& Department of Dermatology, University of California, Davis, School of Medicine, Sacramento, CA, USA

ARTICLE INFO ABSTRACT

Keywords: Allergic inflammatory diseases are a global public health concern affecting millions of people. Although there are
Galectin several potential hypotheses, details regarding their molecular mechanisms are still ambiguous. Recently, a
Allergy

group of pB-galactoside-binding proteins, galectins, have been revealed as important factors in altering allergic
chronic inflammatory diseases. In this review, we describe the molecular and cellular basis of how galectins
modulate inflammatory reactions. We also provide an overview of clinical features related to galectins. Finally,
we discuss the potential issues that might lead to misrepresentation of the exact biological functions of galectins.
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1. Introduction

The theory of “atopy” was established by Coca and Cooke in 1923 to
characterize the phenomenon of allergic hypersensitivity (Coca and
Cooke, 1923). Atopy is indicated by distorted immune responses to
allergic antigens and elevated serum IgE, which cause clinical diseases
based on different anatomic sites. Generally, atopy does not present in
infants at birth (Wahn, 2000); however, individuals who suffer from
atopy are inclined to develop allergies. Atopic dermatitis, allergic
rhinitis, and asthma frequently occur in one person (Rhodes et al., 2001,
2002). In addition, food allergies and allergic conjunctivitis are also
prevalent in individuals with atopy (Burks et al., 2012; Rance, 2008;
Sicherer and Leung, 2014).

Atopic march depicts a sequence of allergic events followed by atopic
dermatitis, food allergy, allergic rhinitis, and asthma (Han et al., 2017).
It represents a developmental advancement of atopic diseases. Atopic
march is generally initiated with atopic dermatitis in early infancy and
its prevalence peaks within 2 years of age (Eller et al., 2010). Most in-
fants develop atopic dermatitis before 6 months (Eller et al., 2010; Kay
et al., 1994). Children who develop atopic dermatitis are more suscep-
tible to other atopic diseases than those without atopic dermatitis (Lack
et al., 2003; Tsakok et al., 2016). In addition, atopic dermatitis severity
and chronicity are related to an increase in the prevalence of atopic

diseases. Approximately, 20% patients with mild atopic dermatitis
develop asthma, whereas asthma presents in 60% of patients with severe
atopic dermatitis (Lack et al., 2003; Tsakok et al., 2016; von Kobyletzki
et al., 2012). Moreover, patients with atopic dermatitis display a 6-fold
higher incidence of food allergies than healthy controls. This association
increases with age of onset, severity, and chronicity of atopic dermatitis
(Tsakok et al., 2016). Atopic diseases such as allergic airway diseases
represent a consequential burden to health. Globally, there are
approximately 339 million people who suffer from asthma, and this
number is expected to continue to increase in the future. The prevalence
of atopic dermatitis and allergic rhinitis has also increased progressively
in recent decades.

Galectins are a family of f-galactoside-binding proteins that display a
consensus sequence in the carbohydrate recognition domain (CRD). A
total of 17 different mammalian galectins have been described. Gener-
ally, galectins are grouped based on the number of CRDs, either con-
taining one or two CRDs. Galectin-1, 2, 5, 7, 10, 11, 13, 14, 15, 16, and
17 are one-CRD galectins, whereas galectin-4, 6, 8, 9, and 12 are two-
CRD galectins, containing two distinct but homologous CRDs.
Galectin-3 is different in that it has one CRD and a non-lectin domain
composed of proline- and glycine-rich short tandem repeats. Some
galectins are widely distributed in different tissues, whereas others are
restricted to certain tissues or cell types. Different galectins show
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differential carbohydrate-binding specificities and affinities (Liu and
Rabinovich, 2010; Yang and Liu, 2003). Through CRDs, homodimers
and heterodimers are frequently discovered, whereas oligomeric
galectin-3 is formed by interacting with multivalent carbohydrates.

Galectins can be detected intracellularly and extracellularly; how-
ever, they are synthesized without a classical signal sequence (Liu and
Rabinovich, 2010; Yang and Liu, 2003). The detailed molecular mech-
anisms concerning galectin transport across the cell membrane are still
unknown. There is no specific cell-surface receptors for galectins, but
transmitted signals across cell membranes exist through their interac-
tion with carbohydrate moieties on glycoproteins. The biological ac-
tivities of recombinant galectins can generally be observed through the
interaction between CRDs and carbohydrates on glycoproteins on the
cell surfaces or in the extracellular matrix. However, for the most part,
added recombinant proteins may or may not represent the endogenous
bioactivities of galectins because the concentrations of the recombinant
galectins used to demonstrate biological activities might be generally
not achievable under physiological or pathological conditions. In addi-
tion to extracellular activities, several studies have described the intra-
cellular biological activities of galectins; some of these are not related to
carbohydrate binding. Galectins modulate intracellular signaling
through direct interactions with signaling molecules (Liu and Rabino-
vich, 2010; Yang and Liu, 2003). Galectins are known to be engaged in
cell adhesion, migration, and growth and involved in the pathogenesis of
several diseases, including cancer initiation, progression, and metas-
tasis. Galectins are also involved in the activation and regulation of both
innate and adaptive immune responses; hence, they participate in the
pathogenesis of autoimmune and allergic diseases. In this review, only
studies that are related to functions of endogenous galectins are
included, and the focus is on the biological role of galectins in the
pathogenesis of allergic diseases.

2. Galectin-1 (Gal-1)

Gal-1 is the first identified galectin and typically functions as a pro-
resolving mediator by modulating innate and adaptive immune re-
sponses (Sundblad et al., 2017). Gal-1 often functions as a dimer. The
homo-dimerization of Gal-1 protects the oxidation of the cysteine resi-
dues known to affect its biological activities when oxidated (Stowell
et al., 2009). Gal-1 binds to galactose-p1-N-acetyl-glucosamine (N-ace-
tyl-lactosamine [LacNAc]) groups on N- or O-linked glycans present on
various cell surface receptors. Gal-1 can be detected in the immune
system in a variety of cells, which include regulatory T cells (Dalotto--
Moreno et al., 2013; Garin et al., 2007), activated T and B cells (Fuertes
etal., 2004; Zuniga et al., 2001), macrophages (Rabinovich et al., 1996),
dendritic cells (Ilarregui et al., 2009; Tesone et al., 2016), and microglia
(Starossom et al, 2012). Gal-1 is potentially involved in
immune-privileged regulation, identified in the placenta (Blois et al.,
2007; Ramhorst et al., 2012), testis (Dettin et al., 2003; Perez et al.,
2015), and eye (Ridano et al., 2017). The level of Gal-1 is either upre-
gulated or downregulated in various inflammatory scenarios such as
microbial infection (Davicino et al., 2017; Poncini et al., 2015; Sur-
yawanshi et al., 2013), autoimmunity (Santucci et al., 2003), cancer
(Martinez-Bosch and Navarro, 2020), endometriosis (Baston et al., 2014;
Vergetaki et al., 2014), neurodegenerative diseases (Starossom et al.,
2012), myocardial infarction (Al-Salam and Hashmi, 2014; Seropian
et al., 2013), and allergic inflammatory conditions (Liu, 2005).

Although Gal-1 has been considered an anti-inflammatory and pro-
resolving protein, only a few reports have focused on the function of
endogenous Gal-1 in the pathogenesis of allergic inflammation (Rao
et al., 2017). Most of these studies stated that Gal-1 might be involved
indirectly by maintaining T-cell homeostasis through the induction of
apoptosis in activated T cells, which modulates immune reactions
associated with allergic inflammation. In addition to the effects on
activated T cells, Gal-1 can also adjust inflammation by inducing the
expression of interleukin (IL)-10 via regulatory T cells (Stowell et al.,
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2008; van der Leij et al., 2007). Ge et al. showed that Gal-1 is associated
with allergic airway inflammation. They demonstrated that
Gal-1-knockout mice exhibit more severe airway inflammation charac-
terized by higher T cell and eosinophil infiltration (Ge et al., 2016). The
evaluation of airway hyperresponsiveness revealed increased pulmo-
nary resistance in Gal-1-knockout mice. Moreover, the inflammatory
cytokine tumor necrosis factor alpha (TNFa) was found to be signifi-
cantly upregulated in the bronchoalveolar lavage fluid (BALF) in
Gal-1-knockout mice with allergic airway inflammation as compared to
that in wild-type mice (Ge et al., 2016). They also found a low number of
eosinophils in lungs of the wild-type mice with most eosinophils
attached to the endothelium of blood vessels, whereas in Gal-1-knockout
mice, more eosinophils were found in lungs with fewer cells attached to
the endothelium. The results suggest that Gal-1 might be involved in
eosinophil trafficking (Ge et al., 2016). Some studies suggested that the
extracellular lectin-binding activities of Gal-1 are responsible for
altering eosinophil trafficking through direct interactions with cell
surface glycoproteins, which further modify actin polymerization (Del-
brouck et al., 2002; Rao et al., 2017). Actin polymerization is critical for
cell adhesion and migration. However, most studies did not investigate
the potential influence of Gal-1 on chemokines or adhesion molecule
levels in both eosinophils and endothelial cells. Tissue- or cell-specific
Gal-1-knockout mice are more suitable to identify the actual role of
Gal-1 in blood-cell trafficking. Clinically, Gal-1 levels are lower in
sputum macrophages from patients with asthma than in those from
healthy donors (Sanchez-Cuellar et al., 2012). These results support the
notion that downregulating Gal-1 aggravates asthma (summarized in
Fig. 1).

3. Galectin-3 (Gal-3)

Gal-3 was first identified in thioglycollate-elicited murine macro-
phages as MAC-2 (Ho and Springer, 1982). It was subsequently detected
in various types of cells and has been known to have different names,
including Lectin L-29 (Cerra et al., 1985), carbohydrate binding protein
(CBP)-35 (Roff and Wang, 1983), L-34 (Lotan et al., 1989), CBP-30 (Sato
and Hughes, 1992), and IgE-binding protein (Albrandt et al., 1987).
Gal-3 is considered a modulator/mediator of allergic immune responses
based on its interaction with IgE. Gal-3 binds lactose-containing glycans
such as Gal (p1-4)Glcp and LacNAc saccharides. The addition of fucose
to LacNAc considerably increases the binding affinity (Horlacher et al.,
2010).

Gal-3 is ubiquitously expressed in most tissues and cells, including
respiratory epithelial cells, alveolar cells, mast cells, neutrophils,
monocytes/macrophages, eosinophils, and T cells (Casals et al., 2018;
Liu, 2000). The biological functions of Gal-3 have been extensively
studied. It is associated with the pathogenesis of various diseases,
including several different cancer types, metabolic diseases, cardiac
diseases, liver diseases, autoimmune diseases, and allergic diseases
(Wan and Liu, 2016). Most studies suggested a proinflammatory role of
Gal-3 (Chen et al., 2006; Forsman et al., 2011; Hsu et al., 2000, 2009;
Zuberi et al., 2004).

The association between Gal-3 and allergic inflammation was
revealed based on its IgE-binding activities. Gal-3 binds to IgE through
the sialylation of IgE oligosaccharides, which results in differential
binding activities with different polyclonal IgEs isolated from patients
with hyper-IgE syndrome or atopic dermatitis (Robertson and Liu,
1991). Gal-3 is associated with neutrophil activation induced by IgE;
neutrophil respiratory burst is inhibited upon treatment with anti-Gal3
monoclonal antibodies (Truong et al., 1993). The production of IgE by
B cells isolated from patients with atopic eczema/dermatitis syndrome
(AEDS) can be induced by AEDS polymorphonuclear leukocytes and not
cells from non-atopic individuals. Further, activated IgE production can
be inhibited by lactose and anti-Gal3 antibodies (Kimata, 2002).

Gal-3 is also involved in mast cell biology; ablating Gal-3 lowers
passive cutaneous anaphylaxis reactions as compared to those in wild-
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Fig. 1. Galectins control a wide range of cells involved in the allergic inflammatory diseases. By modulating the biological activities of the cells, galectins may
influence the development and course of allergic diseases. Clinical studies or research articles performed in mice deleting individual members of the galectin family,
or by gene delivery in wild-type mice, have disclosed immunoregulatory activities of galectins in allergic circumstances. Specifically, galectins may selectively alter
the survival, activation or cytokine production by neutrophils, eosinophils, T cells, macrophages, mast cells, B cells or epithelial cells. Galectins can regulate the
polarization of T cells and macrophages resulting in modulation of the balance between pro-inflammatory and anti-inflammatory activities in allergy settings. In
addition, galectins can regulate the production of IgE which is a major contributor to allergic inflammation. Through these various mechanisms, galectins are
involved in the pathogenesis of allergic conjunctivitis, atopic dermatitis, asthma and food allergy. The allergic inflammation may be modulated with anti-galectin

antibodies or inhibitors.

type mice. Gal-3-deficient bone marrow-derived mast cells express low
amounts of histamine and IL-4 when activated by the FceRI cross-linkage
(Chen et al., 2006). In an ovalbumin (OVA)-induced asthma mice model,
OVA-sensitized Gal-3-deficient mice showed fewer eosinophils in the
BALF as compared to that wild-type mice treated with OVA. Gal-3
protein levels in BALF are increased in wild-type mice challenged with
OVA (Ge et al., 2010; Zuberi et al., 2004). These results suggested a role
of Gal-3 in eosinophil trafficking and were supported by the fact that
eosinophils isolated from allergic donors (with higher expression of
Gal-3) exhibit stronger rolling and adhesion to vascular cell adhesion
molecule 1 (VCAM-1) as compared to eosinophils from healthy in-
dividuals. The rolling and adhesion can be reduced by an anti-Gal3
antibody and lactose. Gal-3 is located on the cell surface and interacts
with a4pl. Lactose blocks the interaction between Gal-3 and a4fl,
which suggests that the carbohydrate-binding activities of Gal-3 are
involved in this process (Rao et al., 2007). The importance of Gal-3 in
eosinophil trafficking was further supported by experiments in
Gal-3-deficient mice. Gal-3-deficient mice exhibit fewer eosinophils in
the BALF and fewer eosinophils infiltrate the lungs of OVA-challenged
Gal-3-deficient mice compared to numbers in wild-type mice (Ge
et al., 2010). Bone marrow-derived eosinophils from Gal-3-deficient

mice show diminishing rolling on VCAM-1 and adhesion with intercel-
lular adhesion molecule 1 (ICAM-1) compared to those from wild-type
mice (Ge et al., 2013). Eosinophil migration towards eotaxin-1 is also
reduced for Gal-3-deficient eosinophils and is not inhibited by lactose as
compared to that in wild-type eosinophils. These results indicate that
Gal-3 functions intracellularly to alter cell motility (Ge et al., 2013).
Macrophages isolated from Gal-3-deficient mice were found to
exhibit a significantly lower level of NF-kB response, which leads to a
lower inflammatory response (Hsu et al., 2000). Gal-3 is crucial for
phagocytotic activities of macrophages, as evidenced by Gal-3-deficient
macrophages exhibiting attenuated IgG-mediated phagocytosis (Sano
et al., 2003). In an OVA-induced mouse asthma model, macrophages
were found to be the most abundant cell types in the BALF of
OVA-challenged wild-type mice as compared to that in
OVA-administered Gal-3-deficient mice (Zuberi et al., 2004). The plas-
ticity of macrophages results in a differential outcome for asthma
pathogenesis. Some studies reported protective effects against inflam-
mation and lung homeostasis maintenance (Moreira et al., 2010; Robbe
et al., 2015); however, some reports demonstrated that macrophages
promote the severity of asthma (Bourdonnay et al., 2015; Zaslona et al.,
2014). There are two different polarization phenotypes of macrophages,
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proinflammatory M1 macrophages and pro-repair M2 macrophages. M1
macrophages can be induced by treatment with interferon gamma
(IFNy), whereas IL-4 promotes M2 macrophage polarization (Draijer
et al., 2018). M2 macrophages exhibit lower phagocytic activities than
M1 macrophages. Reducing the level of Gal-3 enhances macrophage M2
polarization and ameliorates airway hyperresponsiveness and inflam-
mation (Li et al., 2020).

Gal-3 also plays a role in T-cell polarization. In an atopic dermatitis
mouse model, Gal-3 ablation significantly reduces thickening of the
epidermis, lowers infiltrating eosinophils, and decreases serum IgE
levels compared to wild-type mice (Saegusa et al., 2009). Deletion of
Gal-3 promotes Thl polarization, evidenced by higher IL-4 and lower
IFN-y in sera; IL-12 was found to secreted by splenocytes and Thl po-
larization is enhanced in Gal-3-knockout dendritic cells. The effect was
further confirmed by adoptive T-cell transfer from Gal-3-deficient mice
to wild-type mice, which significantly lowered the Th2 response and
reduced dermatitis (Saegusa et al., 2009). IgE secretion by B cells is
enhanced by the polymorphonuclear leukocytes of patients with atopic
eczema/dermatitis but not by those of non-atopic individuals. Gal-3 is
involved in activated IgE production, as evidenced by the reduction in
IgE levels upon treatment with lactose and anti-Gal-3 antibodies
(Kimata, 2002). Gal-3 is also involved in IgE production activated by
specific allergens. B cells were previously obtained from patients with
atopic dermatitis allergic to Japanese cedar pollen, and IgE production
was found to be inhibited when B cells were treated with lactose or
anti-Gal-3 antibodies (Kimata, 2007). The biological functions of Gal-3
are summarized in Fig. 1.

In contrast to the proinflammatory role of Gal-3, Gal-3 over-
expression in the lung via the orotracheal instillation Gal-3 plasmid DNA
significantly reduces eosinophil infiltration and re-establishes pulmo-
nary function in both acute and chronic airway inflammation mouse
models (del Pozo et al., 2002; Lopez et al., 2006). Gal-3 overexpression
inhibits suppressor levels of cytokine signaling 1 and 3, which are two
signaling molecules that regulate the Th1-Th2 balance (Lopez et al.,
2011). The exact molecular mechanisms regarding the difference in the
biological effects of endogenous galectin-3 are unknown. Gal-3 over-
expression leads to apoptosis in T cells, macrophages, and dendritic
cells, which are important in allergy development. Further, conditional
Gal-3 knockout in the lung should be used to confirm the possible use of
the Gal-3 plasmid as a therapeutic tool for asthma.

4. Galectin-7 (Gal-7)

Gal-7 can be detected in stratified epithelia (Madsen et al., 1995;
Magnaldo et al., 1995), hair follicles (Magnaldo et al., 1998), thymic
Hassall’s corpuscles (Magnaldo et al., 1998), sebaceous glands (Nio--
Kobayashi, 2017), and myoepithelial cells from mammary epithelia
(Jones et al., 2004). P53, UVB light exposure, and TNFa treatment
induce Gal-7 expression, which is downregulated by retinoic acid. Its
level is also decreased in SV40-transformed epithelial cells and squa-
mous cell carcinoma (Advedissian et al., 2017; Nio-Kobayashi, 2017).
Gal-7 exhibits conserved carbohydrate binding residues as compared to
Gal-1. However, with its short CRD loop structure, Gal-7 shows different
binding specificity compared to Gal-1. Gal-1 primarily interacts with
oligosaccharides with non-reducing terminal LacNAc residues. Gal-7
binds to both non-reducing terminal LacNAc residues and internal
LacNAc residues (Brewer, 2002).

As Gal-7 is found in various stratified epithelial cells, studies related
to allergic inflammation have primarily focused on the barrier functions
of the epithelium. Gal-7 is overexpressed in the stratum corneum or
atopic dermatitis (AD) lesional epidermis (Niiyama et al., 2016;
Umayahara et al., 2020). The serum Gal-7 level is significantly higher in
patients with AD than in healthy individuals. Th2 cytokines, IL4/IL13,
promote Gal-7 expression in normal human epidermal keratinocytes,
which is inhibited by STAT6 (Umayahara et al., 2020). In a 3D-recon-
structed epidermis, downregulating Gal-7 was found to protect against
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the disruption of cell-to-cell and cell-to-extracellular matrix adhesion
induced by IL-4/IL-13 (Umayahara et al., 2020).

Gal-7 has also been linked to the barrier integrity of the airway
epithelium, which is pseudostratified. In Gal-7 transgenic mice with this
galectin being overexpressed in the airway among other organs and
tissues, impaired airway epithelial barrier function and enhanced
airway hyperresponsiveness were noted. The levels of tight-junction
related protein zonula occludens-1 and E-cadherin are downregulated
in Gal-7 transgenic mice. Gal-7 enhances bronchial epithelial detach-
ment and apoptosis by releasing mitochondrial cytochrome c, increasing
the caspase-3 level, and boosting JNK1 activation (Tian et al., 2020).
The biological functions of Gal-7 are summarized in Fig. 1.

5. Galectin-9

Gal-9 was initially characterized as a transmembrane transporter
that maintains urate homeostasis in rat kidneys (Leal-Pinto et al., 1997),
as an autoantigen identified from Hodgkin’s disease tissue (Tureci et al.,
1997), or as ecalectin that functions as an eosinophil chemoattractant
(Matsumoto et al., 1998). Gal-9 can be detected in various tissues,
including the lung, stomach, intestine, bone marrow, spleen, thymus,
and lymph nodes (Hirashima, 2000). The N-terminal and C-terminal
CRDs are covalently connected by a short linker peptide. The length of
the linker peptide is determined by exon 5 and 6; hence, alternative
splicing of exon 5 and 6 would produce a different linker peptide. There
are three different lengths of the linker, which are 14, 26, and 56 amino
acids long (Sato et al., 2002). Gal-9 isoforms generated by alternative
splicing show differential binding affinity and avidity for glycan units
(John and Mishra, 2016). Different biological activities were also noted
among various Gal-9 isoforms (Aanhane et al., 2018; Heusschen et al.,
2014). Full-length Gal-9 is often named Gal-9L (56 amino acids linker),
Gal-9 without exon 5 is designated as Gal-9M (26 amino acids linker),
and that without both exon 5 and 6 is identified as Gal-9S (14 amino
acids linker). Carbohydrate-binding activities are essential for the
eosinophil chemoattractant activity of Gal-9. There is no difference in
eosinophil chemoattract activity among Gal-9L, Gal-9M, and Gal-9S,
which suggests that the linker length is not related to this biological
effect (Sato et al., 2002).

In a guinea pig asthma model, Gal-9 levels were elevated in the
bronchial epithelium and interstitial macrophages in sensitized rats as
compared to those in non-sensitized controls. Eosinophil infiltration in
BALF also increases in challenged rats as compared to that in non-
challenged animals (Yamamoto et al., 2007). Consistently, in an
asthma mouse model, the Gal-9 level increased in the OVA-challenged
lung and BALF lymphocytes, eosinophils, and granulocytes. The num-
ber of eosinophils was also higher in OVA-challenged BALF than in that
from mice sensitized with phosphate-buffered saline (Sziksz et al.,
2010). Gal-9 is also involved in the development of experimental
allergic conjunctivitis (EAC) in mice. There is no significant beneficial
effect against EAC in mice treated with anti-Gal-9 monoclonal anti-
bodies. Spleen cells were isolated from EAC mice and subsequently
incubated with allergen and anti-Gal-9 antibodies for 3 d, and the cells
were intraperitoneally injected into naive mice. Recipient mice were
challenged with allergen in eye drops after 4 d of cell transfer. A
significantly lower eosinophil infiltration was revealed in conjunctiva
compared to that in mice injected with normal rat IgG-treated spleno-
cytes (Fukushima et al., 2008). The results suggested that Gal-9 modu-
lates the allergic reaction, not only as an eosinophil chemoattractant but
also by altering the biological function of lymphocytes. In addition to
Gal-1, Gal-9 was found to be downregulated in sputum macrophages
from patients with asthma compared to those from healthy donors
(Sanchez-Cuellar et al., 2012).

Gal-9 is significantly increased in intestinal epithelial cells (IECs) of
duodenal biopsies from patients with food allergy. The upregulation of
Gal-9 in IECs is induced by mast cell-secreted tryptase. In a mouse food
allergy model, treatment with anti-Gal-9 monoclonal antibody
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significantly inhibits hypersensitivity status. Significantly lower OVA-
specific IgE and IL-4 were also identified. Mast cells and eosinophils in
jejunal tissue were also found to be reduced (Chen et al., 2011). In
addition to that in food allergy, serum Gal-9 was significantly elevated in
patients with atopic dermatitis as compared to control individuals, and
the level correlates with disease severity (Nakajima et al., 2015; Nofal
et al., 2019). Gal-9 is also increased in the skin lesions of patients with
atopic dermatitis (Farag et al., 2020; Nakajima et al., 2015) and was
found to be expressed in epidermal keratinocytes and mast cells
(Nakajima et al., 2015). Gal-9 level is decreased in patients with mod-
erate or severe atopic dermatitis when they are treated with topical
corticosteroids, topical tacrolimus, or oral anti-histamine drugs (Naka-
jima et al., 2015). These reports suggest that Gal-9 overexpression might
enhance allergic inflammatory reactions.

However, some studies indicated that upregulating Gal-9 has a pro-
tective effect against allergic inflammation. Gal-9 in serum and IECs is
increased in mice fed galacto- and fructo-oligosaccharides (prebiotics)
or probiotics (Bifidobacterium breve M-16V), and the level of Gal-9 is
inversely correlated with mast cell degranulation in vivo (de Kivit et al.,
2012). Oral administration of fucoidan, a sulfated polysaccharide from
Saccharina japonica, inhibits passive cutaneous anaphylaxis reactions
(Tanino et al., 2016) and OVA-induced anaphylaxis (Mizuno et al.,
2020) by inducing Gal-9 expression. Further, the antiallergic activities
of fucoidan are abolished with the intravenous administration of an
anti-Gal-9 antibody (van Esch et al., 2016). These results suggest that
Gal-9 overexpression or recombinant Gal-9 might exhibit potential
therapeutic efficacy against allergic inflammation reactions.

Gal-9 has been shown to be involved in amplifying the humoral
immune response by interacting with IgD and CD44. Some B cells
differentiate into IgD-producing plasma cells through certain external
soluble antigens such as food proteins. These IgDs can activate basophils
to secrete IL-4, IL-5, and IL-13 by interacting with Gal-9 and the CD44
complex on basophils. The secreted cytokines enhance the generation of
T follicular helper type-2 cells, which secrete IL-4, and IgG1l, and IgE
specific for antigens recognized by the basophil-bound IgD (Shan et al.,
2018). The antigen-IgD-IgDR complex on the basophil surface inhibits
basophil degranulation activated by antigen-IgE-FceRI (Shan et al.,
2018). These results suggest that Gal-9 plays a role in modulating the
levels of antigen-specific IgE and altering allergic inflammatory re-
sponses. The biological functions of Gal-9 are summarized in Fig. 1.

6. Galectin-10

Gal-10 or Charcot-Leyden crystal was first identified as tiny crystals
in the blood and spleen of a patient who died from leukemia and was
subsequently described in the sputum of patients with asthma and later
as a protein closely associated with eosinophils (Su, 2018).
Charcot-Leyden crystals can only be detected in humans and are thus
considered a human-specific protein (Choi et al., 2017). Charcot-Leyden
crystal is a naturally forming crystal with hexagonal and bipyramidal
forms. It has been reported that Gal-10 binds weakly to lactose and
N-acetyl-D-glucosamine (Dyer and Rosenberg, 1996; Leonidas et al.,
1995; Su et al., 2018). A large amount of Gal-10 is present in human
eosinophils, which accounts for 7-10% of the total proteins (Acharya
and Ackerman, 2014). It is the fifth most abundant protein in eosino-
phils (Wilkerson et al., 2016). In addition to that in eosinophils, Gal-10 is
also observed in human basophils (Calafat et al., 1997), regulatory T
cells (Kubach et al., 2007), and IL-22-producing T cells (Noh et al.,
2016). Gal-10 is found in the cytoplasm of eosinophils and not in the
secretory granules (Ueki et al., 2018). It is crystalized and externalized
by the occurrence of extracellular traps (ETosis), a suicidal cell-death
process, which develops net-like chromatin (Ueki et al., 2018). These
extracellular traps are composed of chromatin and granule proteins,
which bind and kill extracellular pathogens (Fuchs et al., 2007).

Gal-10 are recognized as markers for eosinophilic inflammation,
which can be found in secretions, tissues, and bodily fluids (Ueki et al.,
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2019). Gal-10 can be used as a biomarker for assisting in the diagnosis of
eosinophilic inflammation in patients with allergic asthma. Gal-10 levels
in sputum are strongly correlated with the number of eosinophils, which
can be used to accurately identify sputum eosinophilia in patients (Chua
etal., 2012; Nyenhuis et al., 2019). Gal-10 is also significantly increased
in patients with allergic diseases associated with eosinophils such as
eosinophilic esophagitis (Chua et al., 2012), aspirin-induced asthma
(Devouassoux et al., 2008), allergic rhinitis (Wu et al., 2018a), chronic
rhinosinusitis with nasal polyps (Wu et al., 2018a, b), allergic aspergillus
sinusitis (Katzenstein et al., 1983), and allergic bronchopulmonary
aspergillosis (Bosken et al., 1988). Gal-10 is also increased in sera and
lesional skin of patients with atopic dermatitis and is positively corre-
lated with atopic dermatitis severity. Increased Gal-10 in atopic
dermatitis is due to its elevated expression in IL-22-producing T cells but
not in eosinophils, as there is no positive correlation between Gal-10 in
sera and eosinophil number (Noh et al., 2016).

Amino acids Glul0, Tyr69, Lys99, and Tyr139 are important for the
autocrystalization behavior of Gal-10. Recombinant Gal-10 autocrys-
talizes at concentrations of 2-4.5 mg/mL. The Tyr69 to Glu mutation
inhibits the crystallization behavior of Gal-10, which is soluble up to 20
mg/mL in phosphate-buffered saline (Persson et al., 2019). Further,
injection of Gal-10 crystals into the airways promotes Th2-cell priming
by dendritic cells, which simultaneously induces airway eosinophilia
(Persson et al., 2019). Airway inflammation induced by Gal-10 crystals
is reduced by a crystal-dissolving monoclonal antibody against Tyr69 of
Gal-10 (Persson et al., 2019). Gal-10 also activates the inflammasome
pathway by inducing Nod-like receptor protein 3 and IL-1f expression in
dendritic cells (Persson et al., 2019) and macrophages (Rodrigue-
z-Alcazar et al., 2019). Moreover, Gal-10 activates nasal epithelial cells
to secrete granulocyte-macrophage colony-stimulating factor, TNF-a,
and IL-1, which recruit neutrophils and enhance neutrophil activation
by intensifying neutrophil extracellular traps (Gevaert et al., 2020). The
biological functions of Gal-10 are summarized in Fig. 1.

7. Galectin-14

Galectin-14 was identified in sheep, which shows 58% and 57%
similarity to rat and human galectin-9, respectively. It was detected in
activated eosinophils. It has also been detected in eosinophils but not in
neutrophils, macrophages, or lymphocytes isolated from the lungs of an
ovine model of asthma indued by house dust mite, thus suggesting the
role of galectin-14 in the pathological manifestations of allergic asthma
(Dunphy et al., 2002).

8. Factors to consider in galectin research

Galectins are multifunctional in the regulation of allergic inflam-
mation. They can be both positive or negative regulators of allergic in-
flammatory reactions, which suggest plasticity in their isoforms, cellular
localization, and interacting proteins due to different stimulants. These
might account in part for some contrasting reports on the functions of
galectins. The biological mechanisms concerning differences in biolog-
ical effects of galectins are unknown. An increase or decrease in galectin
levels might be the consequence but not the cause of diseases, which
further enhances the complexity in identifying the exact role of galec-
tins. Galectin knockout, conditional knockout mice, or adoptive transfer,
but not exogenously added recombinant proteins, are better methods to
determine the roles of galectin in allergic inflammatory diseases. In
addition, special care should be taken in interpretation of the results
from studies employing inhibitors. Inhibitors can interact with other
molecules or modulate non-specific pathways, which results in biased
reports. This also applies to neutralizing antibodies. Information con-
cerning the binding epitope should be included to specify whether the
antibody influences the carbohydrate binding or the interaction be-
tween galectins itself (i.e. dimer or multimer formation). Antibody
specificities should also be documented, as similarities exist in CBDs
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between galectins.

Several studies have mentioned galectin levels in sera or various
tissues, and some of them correlated these with disease severity. Altered
levels of galectins return to a normal range when the disease is properly
treated; therefore, several studies have suggested that the level of
galectins can act as a marker for disease progression and treatment
outcomes. However, it is too early to conclude on the direct association
between galectins and disease pathogenesis. Samples are generally
collected at the endpoint of disease or when the disease is still in pro-
gression. Altered levels of galectin in the disease state might be a side
effect of the “true” damaged biological process. Otherwise, they might
actively participate in disease pathogenesis or act as a regulator to
compensate for altered biological functions. More detailed studies
should be conducted to understand the role that galectins play in
diseases.

Studies employing recombinant galectins to address the functions
might also contribute to contradictory results. It is hypothesized that
galectins could be transported to the extracellular space via extracellular
vesicles from galectin-expressing cells or when these cells are damaged.
Galectins in the extracellular space can subsequently bind to cell-surface
glycoproteins via their carbohydrate binding activities to stimulate
signal transduction pathways. With the concentration of galectin being
higher around secreted cells, it is sensible for the galectins to bind to cell
surface receptors in the local environment. However, whether they will
bind to the specific cells in question or other cells or extracellular
matrices in the neighborhood cannot be predicted. As for the adminis-
tration of recombinant galectins animals, it is not likely those added
galectins will specifically bind the specific receptors on the cells in
questions through the CRD domain, as they might bind to other glyco-
proteins on the surface of these cells, on other cells, or glycoproteins in
the body fluid.

9. Conclusion

Galectins are a group of proteins with enigmatic biochemical and
biological properties. In allergic inflammatory reactions, Gal-1, 3, 9, and
10 modulate leukocyte activities by altering the levels of cytokines and
chemokines. Gal-7 is generally restricted to coordinating the function of
epithelial cells. Both clinical and animal data support the role of
galectins in allergy pathogenesis. According to the biological functions
identified for Gal-1, 3, 9, 7, and 10, allergic inflammation can be
modulated by enhancing Gal-1 or inhibiting Gal-3, 7, 9, or 10. For Gal-1,
overexpression by specific gene delivery systems in T cells, lung
epithelial cells, or eosinophils can be employed to suppress allergic
inflammation. As for inhibiting Gal-3, 9, 7, and 10, monoclonal anti-
bodies specific for individual galectins can potentially be applied. It
should be achievable to generate antibodies that do not exhibit cross
reactivities to other galectins. However, a major issue to consider is
whether these galectins contribute to allergic inflammation through
their intracellular actions. In that case, antibodies will not be suitable
and cell-permeable inhibitors will need to be employed. In addition to
acting as molecular targets for the treatment of allergic diseases, some
galectins may serve as potential markers for treatment outcomes. The
levels of Gal-3, 9, and 10 may be downregulated when allergic inflam-
mation is resolved.

In this review, we found that some galectins have similar biological
effects on allergic inflammation. For example, except for Gal-7, Gal-1, 3,
9, and 10 are associated with the biological functions of eosinophils. It is
not yet known whether there are any intracellular interactions or
crosstalk between these galectins. In animal models of allergic diseases,
the levels of Gal-3, 7, and 9 may be increased, and they may act addi-
tively or synergistically to enhance allergic inflammation. Galectins may
influence each other’s levels or biological activities. However, studies of
asthma or other allergic inflammatory diseases employing genetically
engineered mice with specific deletion of one galectin indicated that the
effect of deleting one galectin is not compensated by the presence of
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other galectins. Thus, potential crosstalk between galectins in modu-
lating allergic inflammation requires further investigations. Further
studies on the mechanisms involved in regulating galectin expression
and altered signaling pathways will generate a more thorough under-
standing of the functions of these proteins.
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