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Animal lectins are proteins with carbohydrate recognition activity. Galectins, the β-galactoside binding lectins, are

expressed in various cells and have been reported to regulate several immunological and physiological responses.

Recently, some galectins have been reported to regulate some viral infections, including influenza A virus (IAV); however,

the mechanism is still not fully understood.
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1. Introduction

Influenza is an acute, contagious infectious disease caused by the influenza virus. Influenza viruses belong to the

Orthomyxoviridae family, with six to eight segments of linear negative-sense, single-stranded RNA and comprise a family

of four distinct viruses (influenza A, B, C, and D viruses) . Among them, influenza A and B viruses are the pathogens

causing seasonal influenza disease. The seasonal influenza virus epidemics are estimated to cause 3–5 million cases of

severe infection and result in 290,000–650,000 deaths annually worldwide . Higher mortality rates are seen in the

elderly over 65 years old and children under 5 years old, as well as people in developing countries . The burden for

seasonal influenza epidemics is substantial and is significantly increased during influenza pandemics, such as a more

recent, swine-originated H1N1 influenza pandemic in 2009 .

Great improvement has been achieved in the treatment of influenza, especially for patients with severe influenza infection.

To date, the most effective strategies for the prevention and control of influenza disease are vaccination and antiviral

therapy. Although influenza vaccine and antiviral drugs greatly reduced influenza outbreaks, there are still many limitations

to these two approaches . The current influenza vaccine can be either trivalent or quadrivalent, which may contain

the strains of seasonal circulating influenza A (H1N1, H3N2) and influenza B (Yamagata or Victoria lineage). A substantial

challenge for influenza vaccine is the continuous viral antigenic changes and variations, which may lead to vaccine

mismatch that results in the reduction in the vaccine’s effectiveness (protection rate from 10 to 60%) . As to influenza

antiviral drugs, the major candidates are the inhibitors that can block NA activity and M2 protein function to ameliorate

influenza release and viral uncoating during the influenza virus life cycle. The most common clinical treatment of influenza

are NA inhibitors including, oseltamivir, zanamivir, and peramivir, as well as the M2 proton channel blockers including

amantadine and rimantadine. Unfortunately, several emerging strains of influenza A virus, such as the 2009 H1N1

influenza virus and some avian H5N1 or H7N9 isolates, were reported to be naturally carrying drug-mutation genes, which

leads to resistance against these drugs .

Lectins are a group of proteins with carbohydrate recognition activity, and they are characterized into several families

based on their different cellular locations and their specificities for a variety of carbohydrate structures according to the

features of their carbohydrate recognition domain (CRD) binding preference. Interaction between lectins and their

recognition glycans mainly relies on their CRD binding to certain particular oligosaccharides expressed on cellular or

microbial surfaces. Lectins have been categorized into many families based on their conserved structure of sequence

motifs for sugar-binding and carbohydrate specificities such as calnexin, DC-SIGN, L-SIGN, mannose-6-phosphate

receptors (MPRs), siglecs, galectins, and intelectins . Recently, several lectins have been reported to participate in

the regulation of virus infection and replication .

Galectins, previously categorized as S-type lectin, have a preference to bind β-galactoside sugars, such as N-

acetyllactosamine (Galβ1-3GlcNAc or Galβ1-4GlcNAc), which are presented in N-linked and O-linked glycoproteins 

. Galectins are the most conserved and ubiquitous lectin family, detected from protists to mammals. The first galectin

was identified and characterized from the electric organs of the electric eel, Electrophorus electricus , and since then,

members of the galectin family have been found in mammals, birds, amphibians, fish, nematodes, sponges, and some

fungi . Galectins have been reported to regulate various cellular or immunological functions . Galectins are

reported to be the pattern recognition receptors (PRRs) to recognize microbial invasion and regulate innate immune
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responses . The basic structure of a galectin contains a carbohydrate recognition domain (CRD) (about 130 amino

acids) that connects to a tandem repeat domain. Currently, galectins have been categorized into three main types—

prototype, chimera type, and tandem-repeat type. The prototype galectins (Gal-1, Gal-2, Gal-5, Gal-7, Gal-10 Gal-11, Gal-

13, Gal-14, and Gal-15) contain one CRD and are either monomers or noncovalent homodimers; the unique chimera-type

galectin (Gal-3) contains a rare tandem that repeats of proline and glycine-rich short stretches fused onto the CRD; and

tandem-repeat galectins (Gal-4, Gal-6, Gal-8, Gal-9, and Gal-12) contain two distinct CRDs, in tandem, connected by a

linker peptide. Currently, 15 galectins have been identified in mammals, whereas 12 galectins are detected in humans 

 (Figure 1).

Figure 1. Classification of galectins. According

to the number and arrangement of the carbohydrate recognition domains (CRDs), galectin family members are classified

into three main types: prototype, chimera type, and tandem-repeat type. Some galectins can self-associate into dimers or

oligomers.

Recently, galectins have been reported to participate in the regulation of several viral infections and replications, such as

HIV-1, enterovirus, HSV-1, adenovirus, and dengue viruses. Some reports indicated that galectins have abilities to

ameliorate influenza virus infection; however, the details of the role and regulatory mechanism are still not fully understood

. Accordingly, this study performs a systemic literature review to analyze and summarize the potential anti-

influenza function of galectins.

2. The Antiviral Role of Galectins toward Influenza A Virus Infection

Our results indicate that among galectin members, only Gal-1, Gal-3, and Gal-9 were reported to have abilities to regulate

influenza infection and replication via directly binding to glycosylated influenza HA or indirectly enhancing the immune

response against IAV invasion (Figure 2) (Table 1). We also noted that out of the other type of influenza virus, only IAV

had studies that reported its interaction, correlation, and modulation with galectins. Most studies provided lines of

evidence denoting that expression or treatment with Gal-1 and Gal-9 ameliorated IAV infection via blocking viral binding

and enhancing T-cell immune responses, respectively. The Gal-3 expression also participated in the amelioration of IAV

infection; however, there were a few studies that offered data showing that Gal-3 had promotion capabilities during IAV

and S. pneumoniae coinfection in vitro and in vivo models (Table 1).

Figure 2. Summary of galectins against influenza A virus

infection. Influenza A virus (IAV) infection triggered the induction and secretion of galectin-1 (Gal-1), galectin-3 (Gal-3),

and galectin-9 (Gal-9). Secreted Gal-1 could bind to HA glycoprotein of IAVs and further blocking IAV interaction with sialic

acid receptors expressed on the cells. IAV infection upregulated endogenous Gal-3, which could induce NLRP3
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inflammasome activation, as well as IL-1β secretion, to result in inflammation occurrence. The secreted Gal-9 could

interact with Tim-3 expressing cells. Gal-9/Tim-3 interaction triggered Tim-3 downstream signaling and induced apoptosis.

Table 1. Summary of the antiviral roles of galectins against influenza virus infection.

Galectin Antiviral Effects Target Virus Ref.

 
Gal-1 directly binds to the envelope glycoproteins of influenza

virus and constrain the viral hemagglutination activity and
infectivity.

A/WSN/1933(H1N1)

Galectin-
1

Recombinant Gal-1 (rGal-1) treatment reduced mice fatality via
mediating the expression of cytokines and chemokines.

2009 influenza A H1N1 subtype
(H1N1pdm09)

Gal-1 participated in regulation of cytopathic processes by
H1N1pdm09 virus to induce an arrest of the cell cycle at the

G0/G1 phase.
H1N1pdm09

Gal-1 expression was correlated with the differential
susceptibility to H7N9 influenza via extracellular matrix (ECM)-

receptor interaction and mitogen-activated protein kinase
(MAPK) signaling.

Human H7N9 isolates

IAVs and S. pneumoniae coinfection induced the secretion of
Gal-1 to the epithelial cell surface and further modulated the

expression of SOCS1 and RIG1 and activate ERK, AKT, or
JAK/STAT1 signaling pathways.

H1N1pdm09

Galectin-
3

Aloe-emodin treatment ameliorated influenza H1N1 virus
infection via up-regulation of Gal-3 expression to further trigger

antiviral genes expression
A/Taiwan/CMUH01/2007(H1N1)

Gal-3 enhances effects of H5N1 promoting host inflammatory
response by up-regulating IL-1β via NLRP3. A/Vietnam/1204/03

IAVs and S. pneumoniae coinfection induced the secretion of
Gal-3 to the epithelial cell surface and further modulated the
expression of SOCS1 and RIG1, and activate ERK, AKT, or

JAK/STAT1 signaling pathways.

H1N1pdm09

Gal-3 preferred binding to desialylated multivalent
glycoligands. A/PuertoRico/08/1934 (H1N1)

Galectin-
9

Gal-9 inhibited the infection of IAVs via Gal-9 binding to
influenza virus particles to inhibit virus attachment.

A/Puerto Rico/8/34 (H1N1); Aichi/2/68
(H3N2); A/Hong Kong/483/97 (H5N1)

Virus-specific CD8 T cells upregulate Tim-3 expression and
Gal-9/Tim-3 interaction induce cell apoptosis after IAV infection

from in vitro and ex vivo assays.

HK/×31 (H3N2) A/Puerto Rico/8/34
(H1N1))

Influenza virus infection induces plasma Gal-9 expression,
suggesting Gal-9 as a possible biomarker for influenza. Seasonal influenza virus

Galectins were initially discovered in 197, based on their galactoside-binding activity. Galectins reside in the cytosol or

nucleus for the majority of their lifetime, and they reach their galactoside ligands only after nonclassical secretion that

bypasses the Golgi apparatus . Accordingly, many previous studies focused on studying the regulatory functions of

CRD of galectins and their interaction with glycan or glycoconjugates expressed on the cell surface. However, instead of

glycan–CRD interaction, the endogenous functions of galectins which exert their regulatory function via protein–protein

interaction are gradually gaining attention. For example, Chen et al. reported that endogenous Gal-3 expression induced

pulmonary inflammasome during H5N1 avian influenza infection via binding to NLRP3 and ASC and further enhancing

ASC oligomerization and NLRP3 inflammasome activation . This regulatory effect, induced by endogenous Gal-3 on

the H5N1 virus, suggests a protein–protein interaction.

Galectins are known to be involved in various biological and biophysical regulations, including defense against

microorganisms . Recently, galectins have been recognized as modulators and pattern recognition receptors (PRRs) in

response to virus or bacterial attack . Our study indicates that only a few galectins were reported to participate in

the regulation of IAV infection, replication, and propagation. Despite there being 12 animal galectins identified in humans,

only Gal-1, Gal-3, and Gal-9, characterized as the prototype, chimera, and tandem-repeat type of galectins, respectively,

have been reported to have regulatory effects on IAVs. Each type of galectin family contains several members and each

member in the same family are proposed to have similarities in sequence and structure as well as comparable regulatory

capabilities . Nevertheless, they might be some differences owing to the 20–40% identity of amino acids in the CRDs
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among the different galectins and 80–90% identity of the same galectin from different mammalian species . We,

therefore, suggest that there might be more galectins with regulatory capabilities toward IAV infection; hence, further

investigation is required. Furthermore, while galectins have been wieldy studied in various fields, the discovery of

galectins in virus research is still in its initial phase.

To date, the conventional strategy for influenza treatment is the usage of antiviral drugs . The two major antiviral

drugs that are used for the clinical treatment of influenza include NA and M2 protein inhibitors, which inhibit NA activities

and block M2 ion channels, consequently inhibiting virus budding and the vRNP release . Unfortunately, the occurrence

of influenza drug resistance causes a major problem for this influenza treatment strategy. Reports indicated that

approximately 45% of all influenza A subtypes in circulation, globally, were resistant to the adamantanes by 2013 (>69%

of H1 subtypes and 43% of H3 subtypes) . Resistance to NA inhibitor shows a lesser increase in comparison with the

adamantanes. Prior to 2007, oseltamivir resistance was 1–5% detected in clinical practice. During the 2008–2009

influenza season, several countries reported isolating high oseltamivir-resistant strains . Fortunately, the 2009

pandemic (pdm09) influenza A H1N1 strain emerged globally, and most infected cases showed susceptibility to

oseltamivir treatment . Based on this information, we recommend that there is a demand for the development of a

novel anti-influenza strategy to overcome influenza-drug resistance; thus, we propose that galectins may have the

potential to be applied as an alternative anti-influenza treatment strategy.

Furthermore, our results indicated that Gal-1, Gal-3, and Gal-9 were upregulated after the IAV invasion. These galectins

are ubiquitously expressed in various cells and are detected intracellularly, in the cytoplasm and the nucleus, as well as

extracellularly, outside the environment. In addition, the influenza virion contains abundant glycosylated HA and NA on its

envelope (about 350 to 400 HA trimers and 50 neuraminidase tetramers) . The glycosylation of HA and NA were shown

in various degrees among different subtypes or strains of the influenza virus. The HA molecules have glycosylation sites

ranging between 5 and 11, whereas the NA molecule has three to five potential glycosylation sites . Gal-1, Gal-3,

and Gal-9 were all reported to bind to IAVs via the interaction of its CRD with viral glycans, but only Gal-1 and Gal-9 were

reported to result in the inhibition of HA binding to sialic acid receptors on host cells. However, Gal-3 did not show the

enhancing effect on influenza attachment and internalization via extracellularly adding route . Nevertheless, the

crosslink and multivalent activity also displayed by Gal-3 when interacting with glycan might suggest that comparable

CRD–glycan interaction still has a chance to result in a different regulatory outcome. However, the detailed mechanism of

this phenomenon remains unclear.

Here, we reported that Gal-3 regulated avian H5N1 virus infection via promotion of NLRP3 inflammasome activation to

enhance pulmonary inflammation . The avian H5N1 virus has been reported to be more virulent than the seasonal

influenza virus and could induce severe pneumonia, immune dysregulation, and cytokine storm . However, the detailed

mechanism of avian H5N1-induced pathogenicity and higher mortality remains not fully understood. During influenza virus

infection, NLR family members are known to play important roles to regulate antiviral responses, especially for NLRP3

inflammasome since it has been reported to mediate several virus infections via promoting antiviral immune responses

. Except for IAVs, several studies have demonstrated the essential role of endogenous Gal-3 in infection-induced

inflammatory response against either virus or bacteria invasion via inducing neutrophil infiltration or proinflammatory

cytokine production such as IL-1β, TNF-α, and IFN-γ . Accordingly, we suggest that Gal-3 plays a role in the regulation

of microbial infection by increasing inflammatory response.

Similarly, Gal-9 was also reported to be upregulated during IAV infection and exerted anti-influenza effects . Our results

denoted that Gal-9 and Tim-3 interaction resulted in the amelioration of IAV infection and replication. Previous reports

indicated that Gal-9 binding to Tim-3 on T cells could limit the extent of immunopathological lesions in autoimmunity, as

well as in some chronic infections . From the immunological viewpoint, the host immune response to virus infection

needs precise regulation to minimize tissue damage while still achieving defense. However, some bystander tissue

damage usually occurs due to several host defenses, enhancing inflammatory reactions and destroying nearby cells. Gal-

9 is reported to play an immunomodulatory role in various microbial infections via interaction with its receptor Tim3,

suggesting its regulatory effect on virus mainly through inducing immunopathogenesis . Although a report indicated that

Gal-9 inhibitory effect on IAVs occurs by binding to the virus particle , currently, most studies supported that Gal-9/Tim-

3 interaction and downstream signaling is the key factor to modulate several virus infections, including IAVs .

However, Gal-9/Tim-3 signaling was not only found in the macrophage since this interaction was also detected in NK,

CD4 , CD8 , and FoxP3  regulatory T cells. We, therefore, suggest that further investigations are required to understand

Gal-9/Tim-3 interaction signaling and how Gal-9 affects IAV infection through regulating different immune cells.

Discovering novel or even alternative therapeutic strategies is necessary to overcome the limitations of the current use of

conventional antiviral drugs and vaccines against influenza viruses. In this study, we suggest that galectins have anti-
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influenza capabilities and could be a potential candidate to develop an alternative influenza treatment and prophylactic

control use.
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