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IHNV is a rhabdovirus with a high mortality rate that has major economic impacts on the 

salmonid fisheries and aquaculture industry. The virus uses cell surface fibronectin as a receptor 

for attachment and infection, but the exact mechanism remains unknown. Previously published 

work in our lab and preliminary data revealed that β-galactoside-binding lectins, known as 

galectins, interact directly with the IHNV envelope glycoprotein to either promote or inhibit viral 

attachment and infection of fish epithelial cells. The zebrafish tandem-repeat galectin 9 isoform 1 

(Drgal9-L1) displays two carbohydrate recognition domains (CRD) joined by a linker peptide 

that are similar but not identical in binding specificity. The goal of this study was to explore the 

mechanism of Drgal9-L1-mediated enhancement of IHNV attachment to epithelial cells (EPC 

cell line). We showed that Drgal9-L1 crosslinks IHNV to cell surface glycans in a carbohydrate-

dependent and -specific manner. We determined that crosslinking was dependent on two 

functional CRDs through the development of a C-terminal mutant protein that did not enhance 

IHNV attachment or infection of EPC cells. Drgal9-L1 crosslinks IHNV to fibronectin on the 

cell surface, enhancing viral attachment, in a carbohydrate -dependent and -specific manner. In 



  

addition, Drgal9-L1 binds to alternative ligands, β1-integrin and CD147, to increase IHNV 

attachment. Double antibody inhibition and siRNA knockdown of fibronectin and β1-integrin in 

EPC significantly reduced Drgal9-L1 mediated attachment of IHNV. We also investigated the 

protective role of epidermal mucus glycans for preventing Drgal9-L1 mediated viral attachment 

to the epithelium. All three galectin classes were detected in the zebrafish epidermal mucus, and 

Drgal9-L1 as well as Drgal1-L2 were found to bind to mucus glycans in a carbohydrate-specific 

manner. In a plaque assay, mucus coating of the EPC cell monolayer reduced the number of 

IHNV plaques in a concentration and volume-dependent manner and annulled the Drgal9-L1 

enhancement of viral attachment and infectivity. Finally, we identified an alternative mechanism 

of Drgal1-L2 antiviral protective activity, as binding of Drgal1-L2 to surface glycosylated 

receptors or mucus glycans significantly inhibits IHNV attachment. This research has wide-

ranging applications for aquaculture disease management, vaccine development, and a general 

model of galectin-modulated viral attachment.  
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Chapter 1: Introduction 
 

I. Infectious disease in teleost fish  

A. Overview 

The aquatic environment has an abundance of infectious agents that function as a natural part 

of the marine and freshwater ecosystems. These agents often result in disease outbreaks in both 

wild fisheries and aquaculture that can have far reaching environmental and economic impacts 

(1, 2). Teleost fish are susceptible to a range of infections from viruses, bacteria, protists, and 

metazoans that can cause high mortality rates, influence community structure and interactions, 

and decrease biological production(1–3). However, the presence of these microorganisms does 

not necessarily indicate infection or disease (4).  The skin and GI tract of teleost fish are coated 

with a mucus layer that in addition to acting as a mechanical barrier, contain multiple immune 

and anti-microbial factors that prevent microbial infection. Further, the mucus layer is colonized 

with microbiota that may reduce pathogen infection by competitive mechanisms (5, 6). 

Manifestation of a clinical disease is dependent on the interaction between the infectious agent, 

the environment, and the host (4).   

Pathogen infection can occur through both vertical and horizontal transmission.  In the case 

of vertical transmission, the infected parent(s) passes it onto their offspring. Meanwhile, 

horizontal transmission occurs through several routes including, shedding of the infectious agent 

by diseased fish, feeding on infected carcasses, and exposure of healthy animals in proximity via 

waterborne contact(1, 7). Density is a common factor impacting transmission as high-density 

rates can increase host-specific transmission as well as create stressful environmental conditions 

(2, 8). While aquaculture settings provide a controlled environment for monitoring and managing 

outbreaks, wild fisheries are difficult to study due to the vast range of the organisms in their 
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aquatic environment(3). Infectious agents can also be transmitted between aquaculture and wild 

populations, and vice versa especially when fish are kept in ocean net pens or from waste runoff, 

within close proximity to each other (1).  

The balance between infectious agent, host, and the environment determines if disease 

outbreak will occur (4). Both chemical and physical changes in the environment can weaken the 

fish’s immune system, increase the prevalence and or virulence of an existing disease resulting in 

an outbreak (1, 9).  Human activity and environmental changes are the two biggest factors in 

disease due to the impact on the relationship between the host and pathogen (3, 9). 

Environmental factors such as water temperature, salinity, and pH are all impacted by climate 

change and can affect disease prevalence and outbreak(2–4). Additionally, an existing disease 

can further weaken the immune system allowing for other pathogens to colonize in the host (9).  

B. Viral infections  

Viral infections in teleost fish are responsible for massive loss in both aquaculture and 

wild populations (2, 10) Several well-known viruses that infect salmonid species include 

infectious pancreatic necrosis virus (IPNV), viral hemorrhagic septicemia virus (VHSV), 

infectious salmon anemia (ISAV), and infectious hematopoietic Necrosis Virus (IHNV).  These 

viruses are typically passed through horizontal transmission via viral shedding into the water 

where they become a source of infection to other fish(10). Fish rhabdoviruses, VHSV and IHNV, 

often result in lethal disease and are of interest for vaccine development for aquaculture settings 

(11).  

Fish rhabdoviruses have a wide-ranging distribution from Asia to Europe and the western 

coast of North America. They are negative, single stranded enveloped RNA viruses that exhibit 

an affinity for epithelial cells (11). The initial step of infection involves attachment to a cell 
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surface receptor which is mediated by viral glycoproteins forming spikes or peplomers, and 

results in membrane fusion via endosomes or macropinosomes (12, 13). Although these viruses 

have close to a 90% mortality rate in juvenile fish, mortality can vary between salmonid species 

and viral isolates (4, 11) .   

 

II. The infectious hematopoietic necrosis virus (IHNV)  

A. Overview: IHNV is an economically significant aquaculture pathogen 

The infectious hematopoietic necrosis virus (IHNV), a novirhabdovirus infecting wild 

and cultured salmon and trout species, is one of the most economically important fish viral 

pathogens. IHNV has an extremely high mortality rate, approaching close to 100% in some 

cases, particularly in smaller juvenile fish (14, 15). IHNV is only found in colder waters as it has 

a low optimal growth temperature between 12-15o C with viral replication rarely occurring above 

18ºC(14, 16).  The geographic range extends across the Pacific Northwest and has spread to Asia 

and Europe through transport of infected eggs and fish(14, 17) (Figure 1).  The first reported 

epidemic of IHNV occurred in the 1950’s in sockeye salmon (Oncorhynchus nerka) fish 

hatcheries in Washington and Oregon(17). It wasn’t until the late 1960s that the disease was 

detected in rainbow trout and by the 1970s it had spread in land to fisheries in the east as far as 

Idaho (18).  
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IHNV is a single stranded negative sense RNA virus with an approximately 11,000 bp 

genome that is enclosed in a viral envelope (11, 19) 

(Figure 2).  Like all novirabdoviruses, the genome 

encodes for six structural proteins, RNA polymerase 

(L), glycoprotein (G), nucleocapsid protein (N), two 

matrix proteins (M1 and M2 or M and P) and a non-

virion protein (NV)(11).  The envelope of the virus is 

coated in trimers of a glycoprotein forming trimeric 

spikes or peplomers that mediates viral attachment 

and fusion with the host cell membrane (19–21). 

These peplomers are displayed in a honeycomb 

arrangement on other rhabdoviruses and are coated 

in biantennary N-linked glycans(19, 22).  

Characterization of the G gene in multiple IHNV field isolates by using RNase protection 

assay and nucleotide sequence analysis, enabled the identification of three major genogroups of 

IHNV, U, M, and L (17, 23).  The U and L groups are mostly comprised of sockeye salmon and 

Chinook salmon, respectively, from the pacific coast. Meanwhile the M genogroup is primarily 

found in farmed rainbow trout in Idaho, with distinct several subgroups known to be prevalent 

(7, 17). The genogroup and geographic origin of the virus strain play a role in virulence. For 

example, M genogroups were highly virulent for rainbow trout with 25-85% mortality, while U 

genogroups had only moderate virulence with 5-41% mortality(7).  

Figure 1. Geographic range of IHNV 
variants in the western United States. 
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IHNV has had a significant impact on commercial and recreational fishing as well as on the 

fish farming industry (2, 14).The 

virus spreads via waterborne 

transmission and can enter the 

host through multiple routes, 

including the gills and epithelial 

cells at the base of the fins (other 

routes are described below) (16, 

19). Transmission can occur 

horizontally from infected fish 

shedding the virus or vertically 

from an infected female to her 

eggs(18). Environmental factors 

and aquaculture conditions can impact pathogenicity among which temperature and salinity are 

major contributing factors (4, 7). While the virus can be found in both fresh and saltwater 

environments most outbreaks occur in freshwater environments as the virus is reportedly 

unstable in saltwater environments (4). Stress in an aquaculture setting due to handling, high 

density, and acute environmental changes can lower the fish’s resistance to infection, increasing 

the occurrence of outbreaks (2, 4).   

B. Mechanisms of attachment and entry  

IHNV infection begins with the attachment of the viral glycoprotein to a cell surface 

receptor(15). While extensive research has focused on IHNV, the exact route of entry and 

mechanism of attachment to viral receptor(s) remain unknown. Several entry routes have been 

Figure 2. The infectious hematopoietic necrosis virus 
(IHNV) is an enveloped, single stranded, negative sense 
RNA virus in the Rhabdoviridae family.  It has an 
approximately 11,000bp genome that encodes for six viral 
proteins, the nucleoprotein (N), phosphoprotein (P), matrix 
protein (M), glycoprotein (G), non-virion protein (NV), and 
polymerase protein (L). Source: viralzone.expasy.org 
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proposed from the gills, to the oral cavity, mucus-secreting cardiac glands, vascular endothelium, 

as well as the base of the fins using various research techniques.(16, 24–26).  

1. Potential entry ports 

In 1990, fingerling rainbow trout (Oncorhynchus mykiss) were infected with IHNV and 

analyzed through immunohistochemistry techniques to identify the infected tissues. Infection 

experiments indicated the epidermis, particularly the pectoral fins and ventral surface of the 

body, and the opercula of the gills as early sites of IHNV replication (24). Drolet et al (1994) 

also identified the gills as a primary entry port using alkaline phosphatase immunohistochemistry 

(APIH) to trace the viral progression along two major pathways, the gills to the circulatory 

system and the oral cavity into the gastrointestinal tract before reaching the circulatory system.  

Early pathogen targets in juvenile rainbow trout and coho salmon are the esophagus and 

cardiac stomach regions, specifically the mucus secreting serous cardiac glands. Helmick et al 

(1995) used monoclonal a antibody against IHNV nucleoprotein to track viral infection. More 

recently, Harmache et al (2006) developed a recombinant IHNV that expressed the Renilla 

reniformis luciferase reporter gene, rIHNVLUC, as a non-invasive assay to track viral spread post-

infection in juvenile trout.  Fish were sampled between 8-40 hours post infection and at early 

time points the virus was only detectable at the base of the fins strongly suggesting this as the 

primary entry port of the virus. IHNV has also been reported to enter through the nasal cavity via 

olfactory sensory neurons (OSN).  A FLAG-tagged IHNV glycoprotein was observed to 

colocalize with the OSN TrkA receptor and trigger an anti-viral immune response(27). Zebrafish 

have also been used as a model for tracking IHNV infection. Ludwig et al (2011) developed a 

model for whole body analysis of IHNV infection in zebrafish larvae and identified vascular 

endothelium as the primary target of infection (27)  
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2. Viral tropism 

IHNV strains exhibit tropism for certain tissues with some strains having neuropathic 

tendencies over hematopoietic(28) . The neuropathic strains infect the central nervous system 

(CNS) traveling through the nasal mucosal layer. Intranasal vaccines have been developed 

against IHNV and tested in juvenile rainbow trout (Oncorhynchus mykiss). This type of vaccine 

can protect against neurotropic strains and appear to not be harmful to the CNS(27, 29, 30). For 

hematopoietic strains, there are two main progression pathways, from gills to the circulatory 

system or from the oral cavity into the gastrointestinal tract followed by the circulatory system 

(25). Once in the blood the virus rapidly spread to the epithelial cells of all organs resulting in 

systemic viraemia. The kidney appeared to be the most persistently positive tissue with viral 

origins likely from the gill infection pathway(25).  

3. Rhabdovirus receptors 

 A range of receptors have been identified for viruses in the rhabdovirus family. Rabies 

virus, which is perhaps the most well-known rhabdovirus, has two primary identified receptors. 

In a study focused on rabies infection of the electric eel (Torpedo californica) rabies bound to the 

nicotinic acetylcholine receptor (AChR) alpha subunit (40kDa) on the electric organ (31). Neural 

cell adhesion molecule (NCAM) also called CD56 has also been shown to be a receptor for 

rabies virus. Incubation with rabies decreased NCAM expression while incubation with NCAM 

antibodies or heparan sulfate, a known NCAM ligand, decreased rabies virus infection (32).  

Rabies was also shown to bind to a “fibronectin-like” protein in BHK-21 cells. This binding 

could be specifically reduced by treating the cells with the proteases pronase and subtilisin(33).  

Viral hemorrhagic septicemia virus (VHSV) is a rhabdovirus that infects salmonid 

species of fish. The virus is spread through waterborne transmission from shedding of infected 
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fish, similar to IHNV (12).  A common approach to identifying viral cell receptors is to develop 

monoclonal antibodies (MAbs) against the cell surface to block viral entry. Bearzotti et al (1999) 

generated MAbs against rainbow trout gonad cells (RTG-2) that were used to block infection of 

viral hemorrhagic septicemia virus (VHSV). Immunofluorescence and immunoelectron 

microscopy were used to identify an abundant plasma membrane component, fibronectin, as the 

VHSV receptor.  

4. Fibronectin as a receptor for IHNV  

 Fibronectin (FN) is a high molecular weight glycoprotein around 220+/- 20 kDa in mass 

that is present in the plasma as well as extracellular matrix (ECM) of most tissues (34, 35). FN is 

a heterodimer composed of two monomers linked by disulfide bonds at their C-terminal (12, 35). 

They are synthesized by a range of cells including, fibroblasts, endothelial, and epithelial cells. 

The two main types are the soluble plasma fibronectins and the membrane bound cellular 

fibronectins however, there are multiple forms of the cellular type and some exist as fibrils in the 

extracellular matrix. FN has a range of binding sites for cellular receptors as well as other 

extracellular molecules. The most prominent are the central cell binding domain and the V 

region(36). This glycoprotein functions primarily in promoting adhesion, migration, 

differentiation, phagocytosis, and hemostasis(34, 35).  

Fibronectin is ubiquitous and highly conserved in vertebrates, however a study 

characterizing the cDNA encoding for zebrafish fibronectin identified a truncated form in 

addition to the classical form of the protein due to an alternative splicing pattern (35). The two 

forms were labeled FN1 (which is similar to other vertebrates) and FN2 (the truncated form). 

While the structures are fairly similar, FN2 has a unique 20-amino acid C-terminal tail that 

differs from the c-terminal of FN1. When the recombinant FN2 was used in viral infections in 
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fish embryo cell cultures, it promoted attachment and spreading of the virus (35). These findings 

led Liu and Collodi (2002) to test the effect of FN2 on the cell surface on IHNV infection in cell 

culture. Unlike other forms of fibronectin, FN2 accumulates on the cell surface rather than in the 

extracellular matrix. They found that cells that expressed the recombinant protein or had been 

incubated with the soluble form of FN2 were more susceptible to IHNV infection due to the 

protein mediating viral attachment and entry.   

Fibronectin is heavily glycosylated, containing seven N-linked glycosylation sites and 

two O-linked sites (37). Hsiao et al (2017) identified five of the seven sites in homo plasma 

fibronectin and observed that site specific removal of the N-glycans inhibited cell attachment. 

Over 90% of the N-linked glycans on fibronectin are sialylated. Glycosylation does vary between 

isotype, with plasma fibronectin containing fewer Gal1-4GlcNAc repeats compared to tissue 

fibronectin (37).   

5. Mechanisms of entry: known facts and unanswered questions 

 While FN2 is a promising receptor for viral attachment, the exact pathway of viral entry 

is still unknown. Lui et al (2011) used live cell fluorescent microscopy and quantum dot labeling 

to determine that IHNV entered the epithelial cells of  the fathead minnow Pimephales promelas 

(EPC) through a clathrin-mediated endocytic and low pH dependent pathway.  Their findings 

were consistent with other rhabdoviruses such as VSV and rabies that also enter the host through 

receptor/clathrin mediated endocytosis (19).    

Based on research in our lab, we also know that galectins play a role in modulating IHNV 

attachment and entry. Nita-Lazar et al (2016), found that recombinant zebrafish galectins 1 and 3 

(Drgal1-L2 and Drgal3-L1) significantly inhibited viral attachment to EPC through interaction 

with the viral glycoprotein. While the exact mechanism of IHNV attachment and entry into the 
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cell is still unknown, there is growing evidence to suggest that protein-carbohydrate interactions 

between virion envelope glycoproteins and host lectins play a key role in modulating viral 

attachment and infectivity (38, 39).   

C. The role of mucus in IHNV infection  
 

The teleost outer epithelial layer of the skin differs from mammals in that it may be covered 

with scales and contain abundant mucus-producing cells (goblet, club, and sacciform cells) that 

secrete mucus as a continuous film that coats the surface.  This mucus is mostly composed of 

water, salt, and glycoproteins, such as mucins. It is a metabolically active layer that serves many 

important functions from sensory perception, ionic and osmoregulation, respiration, excretion, 

locomotion, reproduction, and protection against pathogens (40, 41).   

The mucosal layer provides defense through both physical and chemical barriers. While the 

polymeric mucins confer the high viscosity that enables mucus to function as a mechanical 

barrier that prevents pathogens from colonizing on the epithelial surface, the presence of 

components of the innate immune system provides a layer of biochemical protection as well. 

Epithelial mucus has been found to have antimicrobial activities against gram-negative and 

gram-positive bacterial fish pathogens through the presence of lysozyme, complement proteins, 

immunoglobulins, antibacterial proteins and peptides, as well as lectins (42–44).  A range of 

lectins have been found in teleost mucus where they function in pathogen defense, from unique 

pufflectins, to R-type lectins, C-type lectins, such as the mannose binding lectin (MBL), fructose 

binding lectins, as well as galectins in different forms (10).  

Rhabdoviruses, such as rabies and IHNV, are known to interact with and potentially replicate 

in the mucus layer. LaPatra et al. (1989) determined that the highest levels of IHN virus in 

infected fish were detected in the mucus compared to the surrounding water and other tissues 
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(spleen, gills, and reproductive tissues). The mucus was hypothesized to be the source of viral 

transmission between fish within the infected tanks.  

 

III. Innate and adaptive immunity of teleost fish  

A. Overview 

As with most vertebrates, the fish immune system is comprised of both innate and adaptive 

immune responses. Innate immune defenses in teleost fish are essential because they are fast 

acting and relatively temperature independent(45–47). The innate immune system does not 

require prior antigen exposure or processing and is induced by the recognition of non-self-

molecules via pattern recognition receptors (PRRs) that are distributed in a wide range of cell 

types (47). PRRs recognize molecular patterns on molecules produced by microbes such as 

polysaccharides, LPS, bacterial DNA, and viral double stranded RNA and initiate a series of 

immune pathways. In contrast, the adaptive immune response is slower acting as it requires 

antigen processing. Adaptive immune receptors, namely immunoglobulins and T-cell receptors, 

are distributed in a few cell types(48). Although teleost fish have virtually all components of the 

mammalian adaptive immune system, they lack lymph nodes, bone marrow, germinal centers, 

and antibody class switch recombination and therefore it is considered that the innate immune 

responses carry a significant burden in defense against infectious challenge(49).    

B. Innate Immunity  

The innate immune defense against viruses can be broken down into the constitutive 

response where non-specific cytotoxic cells attack virus-infected cells, and the interferon (IFN)- 

mediated responses.  Rhabdoviruses activate both IFN group I and II. Group I inhibits viral 

replication and group II functions vary from upregulating ISGs, displaying antiviral activity and 
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even upregulating transcription of IFN I (10). The complement system is also very important for 

defense against rhabdoviruses (50). The classical pathway of the complement system, which is 

initiated by complex between antigen and antibody, is in some cases, such as with IHNV, 

believed to be responsible for complement mediated viral neutralization (45–47, 51).   

The innate immune response to viral infection in a host is induced by the recognition of non- 

self-molecules via germline encoded PRRs (52). Viral components including single and double 

stranded RNA as well as genomic DNA are recognized by three classes of PRR, Toll-like 

receptors (TLR), retinoic acid inducible gene-I like receptors (RLR), and nucleotide-binding 

oligomerization domain like receptors (NLR) (10, 51–53). RLRs and TLRs stimulate the 

production of pro-inflammatory cytokines and chemokines and type 1 interferons IFNs.  Type 1 

IFN induces expression of non-specific antiviral proteins that inhibit viral mRNA translation, 

incudes apoptosis of viral infected cells, activates dendritic cells and NK cells, as well as 

activating intracellular signaling pathways via type I IFN receptors(54). In addition, early 

response to viral infection also includes the presence of granulocytes, NK cells, and NKT cells 

that release inflammatory cytokines and IFNg which can then recruit activated macrophages and 

T cells to perform their effector functions(51).   

 

 

C. Adaptive immunity 

The production of type 1 IFNs also induces the activation of adaptive immune response to 

viruses (55)Dendritic cells (DCs) constitute the main link between the innate and adaptive 

immunes system. They are capable of initiating an innate immune response to viruses through 

PRRs as well as the recognition of infection induced cytokines like IFN. Once activated, DCs act 
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as the main antigen presenting cells to naïve T cells (49). The main role of adaptive immune 

responses against viruses is the production of neutralizing antibodies that insure long term 

immunity (56).   

A study by Lorenzen and Lapatra 1999 examined the antibody response of rainbow trout to 

the rhabdoviruses IHNV and VHSV and found that trout serum was necessary for neutralization.  

For rhabdoviruses, neutralizing antibodies bind specifically to the G protein demonstrating the 

need for the complement pathway to mediate viral neutralization. Lorenzen and LaPatra (1999) 

hypothesized that the need for complement activation was dependent on the viral envelope of 

IHNV because complement activation was not necessary for IHPV, a non-enveloped RNA 

birnavirus. Trials conducted with rainbow trout fingerlings demonstrated that fish injected with 

immune serum containing neutralizing antibodies provided protection after passive serum 

transfer as were fish that had been infected and survived while those receiving control serum 

were not protected (57, 58).  

 

IV. Lectins  

A. Overview 

Cell-surface or soluble carbohydrate-protein receptors known as lectins bind mono and 

oligosaccharides reversibly and with high specificity(57, 59). Lectins are ubiquitous to nearly all 

eukaryotes as well as in viruses and bacteria, where they play key role(s) in numerous processes, 

in both the intracellular and in the extracellular space. Lectins participate in embryogenesis, early 

development, immune regulation, and as recognition receptors in innate immune responses(59, 

60).  
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Most animal taxa have diverse lectin repertories with multiple families enabling a wide 

range of endogenous and exogenous glycan recognition. Further diversity in binding specificity 

occurs within different isoforms of the same lectin as well as through tandem gene duplications, 

alternative splicing, and allelic variation. However, it should be noted that unlike 

immunoglobulins or variable lymphocyte receptors, lectins are “hardwired” into the germline 

and do not undergo genetic recombination (57, 60).  Teleost fish have nearly all components of 

the mammalian adaptive immune system. A substantial burden of their immune defense, 

however, is carried out by their innate immune response. Lectin repertoires differ among species, 

but most lectin families are present as well as several novel lectins. Diversity within the families 

is expanded largely due to various isoforms(57).   

Lectins are able to bind both mono- and oligosaccharides. Binding to monosaccharides 

often occurs with low affinity and high specificity as lectins that bind to galactose do not 

recognize glucose. Meanwhile, their binding affinity to oligosaccharides, the likely natural 

ligands of lectins, is often dependent on the structure of the compound(61).  The carbohydrate 

binding activity of most lectins is retained in a polypeptide segment known as the carbohydrate 

recognition domain (CRD). This domain is highly conserved with characteristic sequence motifs 

that are distinct among the different lectin families (59, 62).   

Lectins have a wide range of functions from glycoprotein trafficking, to signal 

transduction, cell-cell and cell-extracellular membrane interactions, fertilization, and 

development (63). In addition to these functions, lectins are known homeostatic regulators of the 

innate and adaptive immune response where they function as self/non-self-recognition 

molecules, opsonins, and complement activating factors. Lectins modulate embryonic 

development, cell differentiation, lymphocyte and neutrophil localization and activation of 
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dendritic B and T cells (60). Bacterial and viral pathogens as well as protistan parasites also use 

lectins to recognize glycans on the host cell surface 

during colonization. For example, the 

hemagglutinin of the influenza A virus binds to 

sialic acid while pili and fimbriae structures on 

bacteria have been shown to interact with host cell 

surface ligands.  Protozoan parasites have 

demonstrated that lectins can be used as host 

colonization factors(60).   

B. Lectin families in teleost fish 

1. Overview  

Lectins recognize and agglutinate virus, 

bacteria, fungi, and parasites as part of the innate 

immune response (60, 61). Lectins are classified 

into several families identified by unique sequence motifs in their carbohydrate recognition 

domains (CRD), their structural folds, and requirement of divalent cations for ligand binding(59) 

(Figure 3). Lectin families include, R-type, F-type, L-type, P-type, C-type, I-type lectins, and 

galectins (formerly S-type lectins), among several others (64–66). The glycan binding activity of 

the lectin resides within the CRD.  Lectin subunits can form oligomeric structures with 

multivalent binding that allows them to cross link glycans present on the cell surface and form 

lattices (67). X-ray crystallography shows that the chemical groups on lectins interact with the 

carbohydrates primarily through hydrogen bonds and hydrophobic interactions(59, 60).  

2. Lectin repertoire 

Figure 3. Lectin family classifications. 
Lectins are classified by the unique 
sequence motifs in their carbohydrate 
recognition domains (CRD), their structural 
folds, and the requirement for divalent 
cations for ligand binding.  
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C-type lectins (CTLs) are characterized by the requirement of Ca2+ cations for binding, 

their diverse carbohydrate binding specificity through their C-type sequence motif, and the 

multiple structural domains. Capable of binding mannose, galactose, and fucose, among other 

sugars, CTLs are classified into several groups including collectins, proteoglycan core proteins, 

selectins, endocytic receptors, and mannose macrophage receptors (68). CTLs can have multiple 

structural domains, resulting in chimeric structures. Examples include, selectins, lecticans, 

tetranectin group, and macrophage mannose receptor group(69) . One of the best characterized 

chimeric CTLs is the mannose binding lectin (MBL) that constitutes the “non-self” recognition 

component that initiates the lectin pathway of complement activation. MBL is oligomeric and is 

composed of four distinct domains, an N-terminal region, a collagenous region, a neck region 

and a CTL type CRD on the C-terminal. Together with MBL-associated serine proteases 

(MASPs) , which are homologous to complement components C1, C1r, and C1s, to activate 

other complement components (70). In teleost fish, MBLs are important innate immune factors 

(71). In the novel immune type receptors (NITRs) (60) the CTL domains are associated with 

extracellular immunoglobulin domains and cytoplasmic immune receptor tyrosine-based 

inhibitions motifs (ITIMs) in (72). 

F-type lectins (FTLs; formerly “fucolectins”) bind to fucose through a fucose recognition 

domain [F-type lectin domain (FTLD)] that displays a novel structural fold.  The fold was first 

described in Anguilla anguilla agglutinin as a -barrel with a jelly roll that is composed of two -

sheets with two anti-parallel strands that form the bottom of the barrel (60). FTLs have a unique 

carbohydrate and calcium-binding sequence motifs. FTL can have either a single FTLD or 

multiple that are either tandemly arrayed or in mosaic combinations with other domains (73, 74). 

FTLs are widely distributed in nature, from bacteria to higher vertebrates, and through their 
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ability to distinguish between “self” and “non-self” they display a wide range of functions 

including fertilization, microbial adhesion and pathogenesis, and innate immunity. The first 

lectin through which the FTL family was established is the MsaFBP32 (currently designated as 

MsFTL15), which was isolated from serum and liver extracts of the striped bass (Morone 

saxatilis) (74–77). Other fucose-binding lectins that had been characterized in other contexts, 

were later found to carry the canonical FTL sequence motif in their CRD, and thus, are now 

included in the FTL family (78).  

 The first galectin (formerly S-type lectin) identified was electrolectin, which was isolated 

from the organs of the electric eel Electrophorus electricus(58, 60). Galectins are a group of 

galactosyl binding lectins with a characteristic domain organization and a unique S-type 

sequence motif in the CRD. They mediate cell-cell and extracellular to intracellular interactions 

and can function as pattern recognition receptors(79) and as regulatory factors for adaptive 

immune functions(80). One of the main roles galectins play is initiating the innate immune 

response to pathogen infection. Expression of galectin 1, 3, and 9 is known to increase during 

inflammation as well as various parasitic, bacterial, and viral infections(58, 66). Through both 

recognition functions and effector functions they contribute various defenses from activation of 

innate immune signaling pathways, to blocking microbial pathogen and parasitic attachment, to 

directly killing pathogens(45).   

C. Lectins as pattern recognition receptors  

The innate immune system of vertebrates relies on the recognition of “self” vs “non-self” 

to determine when to initiate an immune response. The recognition of “non-self” can be broken 

down into the “microbial non-self”, the “missing self”, and the “induced or altered self” 

according to Medzhitov and Janeway (2002).  In order to distinguish between them, the immune 
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system uses a variety of molecules to identify the presence or absence of markers on the cell 

surface. Markers specific to microbes are known as pathogen-associated molecular patterns 

(PAMPs) and are recognized by PRRs (61).   

Lectins have the ability to act as recognition molecules both inside and outside the cell 

(45, 81). Some lectins function as PRRs, by recognizing and binding to exogenous ligands such 

as glycoproteins polysaccharides, and glycolipids on the surface of viruses, bacteria, and 

protozoan parasites, through their CRDs. Thus, they are able to discriminate between ‘self’, 

‘non-self’, and ‘modified-self’ by recognizing the structural information encoded by these cell 

surface moieties (58, 67).   

D. Defense against pathogens: Lectins as effector factors  

The critical recognition function of lectins can facilitate mutualist interactions with 

colonizing microbes or initiate innate and adaptive immune response. In addition to their 

recognition functions, lectins can function as effector factors by mediating downstream functions 

such as opsonization, immobilization, and phagocytosis of potential pathogens, and complement 

activation (45).  

Lectins and lectin-like receptors are expressed in a variety of tissues and cell types including 

natural killer cells (NK). Healthy cells will express markers of “self” which inhibitory receptors 

of effector cells in the immune system recognize. However, when these molecules are 

downregulated or modulated there is induced expression of ligands for activating cells like NK 

and other effector cells as the modified cells is now tagged for apoptosis or phagocytosis (82). 

Various lectin families like CTLs can mediate effector immune responses (82).   

CTLs such as the mannose-binging lectin (MLB) are involved in complement activation (63). 

Meanwhile selectins are cell surface receptors that can meditate interactions with endogenous 
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ligands displayed on circulating phagocytes such as a neutrophils and monocytes (63). In the 

absence of lymphocytes, lectins have been known to kill malignant cells directly through the 

process of lectin dependent cell mediated toxicity (LDCC)(83–85).  

 

V. Galectins as components of innate immunity in teleost fish  

A. Overview 

Galectins are a family of lectins with a characteristic domain organization that typically 

recognizes and binds β-galactose-containing glycoconjugates such as N-acetyllactosamine 

(Galβ1-4GlcNAc) and its linkage isomer lacto-N-biose (Galβ1-3GlcNAc) (86). The galectin 

CRD is comprised of five-and six- stranded antiparallel β-sheets arranged in a β-sandwich or 

jelly-roll configuration(79, 87, 88). Galectins share a high degree of conservation among their 

CRD amino acid sequence motif and have eight residues, all of which are involved in glycan 

binding, that appear to be invariant among most members of the family. 

Galectins have a wide tissue distribution and are located throughout the immune system from 

the innate immune cells, DCs, macrophages, and NK cells, to the adaptive immune system B and 

T cells. They have a diverse range of effects and functions including tissue development and 

regeneration, activating transmembrane signaling pathways, regulating the immune and 

inflammatory response, inducing apoptosis of blood cells, cancer proliferation and metastasis, 

and in adipogenesis (63, 89). The galectin family is evolutionarily conserved and ubiquitous 

throughout the eukaryotic taxa, found in everything from sponges to tunicates, amphibians, and 

teleost fish (90). Based on their architecture they are grouped into three different classes.  

B. Galectin Classes 
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Mammalian galectins are classified based on the number and organization of their CRDs into 

three classes: proto type, chimera type, and tandem repeat type (91) (Figure 4). Proto type 

galectins (Galectin 1, 2, 5, 7, 10, 13, 14, and 

15) are non-covalently linked homodimers 

which contain one CRD per subunit. 

Galectin 1 is a proto type galectin that 

mediates the attenuation of the 

inflammatory immune response by 

suppressing both innate and adaptive 

immune signals (58, 87, 92, 93). Chimera 

type galectins (Galectin 3) are comprised of a carboxy terminal CRD and an amino-terminal 

domain rich in proline and glycine repeats. Galectin 3 is a pro-inflammatory molecule that 

positively modulates antimicrobial activity and promotes macrophage recruitment and survival. 

It has also been shown to directly and indirectly mediate neutrophil interaction with laminin and 

fibronectin. Tandem-repeat type galectins (Galectin 4, 6, 8, 9, and 12) have two CRDs that are 

connected by a functional peptide linker. Galectin 9 is also known to induce apoptosis in 

thymocytes and T cells as well as induce eosinophil chemotaxis, oxidation, and degranulation, 

(79, 94).  

Galectins can form higher order oligomers in a concentration-dependent equilibrium, giving 

rise to multivalent carbohydrate-binding molecular species that are essential in mediating their 

cell-cell and cell-ECM interactions(79, 95–97). Galectins are non-glycosylated soluble proteins 

that lack a classical signal sequence and in most cases a transmembrane domain (98, 99). Despite 

this, galectins can still reach the extracellular space through their carbohydrate-binding activity 

Figure 4. Galectins are a family of lectins with a 
characteristic domain organization that 
typically recognizes and binds  𝜷-galactose 
containing glycoconjugates. Mammalian 
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via direct translocation across the plasma membrane (95). The ability of galectins to bind in both 

the intracellular and extracellular space is a unique functional characteristic that enables them to 

exert a multitude of binding activities(100, 101).   

Teleost fish express all three classes of galectins but exhibit a less diversified repertoire. In 

recent years, the zebrafish (Danio rerio) and its available cell lines have been established as a 

useful model system for studying the roles of galectins in development, tissue repair, and 

immune functions (89). The presence of galectins in the fish epithelial mucus has been of interest 

in particular for studying their roles against pathogen infections (102, 103).  

1. Galectin-1  
The first identified galectin, galectin-1 (Gal-1), is a prototypical galectin that is 

synthesized as a monomer subunit (14.5kDa) but forms a non-covalent homodimer during 

equilibrium (80, 102).  Gal-1 is expressed in immune system organs such as the bone marrow, 

lymph nodes, the spleen, and thymus by cells such as thymic epithelial cells, activated T and B 

cells, follicular dendritic cells, and endothelial cells (80). It is secreted primarily by activated B 

cells and macrophages, as well as by CD4+ CD25+ regulatory T cells and some epithelial cells 

(104).  

Like most galectins, Gal-1 recognizes and binds to Gal1-4GlcNAc (LacNAc) units on 

both N- and O-linked glycan branches. In the dimerized form, Gal-1 can recognize structures 

containing sialylation, fucosylation, and non sialyated terminal LacNAc units with high affinity 

when compared to the monomeric form (64, 103).Well known Gal-1 receptors include CD3, 

CD7, CD43, CD45, and CD69 (103). However, due to the presence of multiple free cysteine 

residues in the CRD Gal-1 is highly susceptible to oxidative inactivation (64, 102).  
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 Galectin-1 has a wide range of biological functions, but it’s best known for its role in the 

T cell death pathway. Galectin-1 can induce the death of T cells developing in the thymus as well 

as activated T cells located in the periphery(80).  Similar to galectins 3 and 9, Gal-1 expression is 

increased during inflammation and it has been shown to play a role as a PRR during pathogen 

infection (91). Exogenous Gal-1 mediates anti-inflammatory responses through inhibition of 

activation, chemotaxis, and extravasation of neutrophils. This galectin mediates the innate 

immune response through its regulatory role and anti-inflammatory activities(105).  

2. Galectin-3  
  The only galectin in the chimera class is galectin-3 (Gal-3).  This galectin ranges in size 

from 243- 286 amino acids based on the number of tandem repeats of proline, glycine, and 

tyrosine (80). Gal-3 is primarily expressed in myeloid cells such as macrophages in addition to 

fibroblasts, endothelial and epithelial cells(83).  

Gal-3 has a high affinity for lactose and unlike Gal-1, has a higher affinity for repeating 

lactosamine units.  There is evidence to suggest that this enhanced affinity for extended 

structures is due to the non-lectin N-terminal end (106, 107). In solution, the Gal-3 monomeric 

subunits exist in equilibrium with trimeric and pentameric forms that enable the binding of 

multivalent glycoconjugates. This ability to oligomerize is associated with sequence elements 

contained in the N-terminus as purified N-terminal fragments have been shown to self-

associate(64).   

Galectin 3 exhibits diverse functions such as pre-RNA splicing, regulating apoptosis and 

cell growth, binds circulating extracellular matrix glycoproteins, and leukocyte activation (80). 

Galectin-3 can also indirectly influence cell adhesion by modulating the ECM signal that is 

mediated by the protein hensin to direct a cells fate (108). Similar to Gal-1, Gal-3 is involved in 
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the innate immune response. It is secreted by gastric epithelial cells in response to H. pylori 

infection and accumulates on the endothelial cell surface during neutrophil migration. 

Additionally, it facilitates neutrophil adhesion to laminin and the endothelium through cross 

linking(109).   

3. Galectin-9  
Galectin 9 (Gal-9) is a tandem repeat type galectin that consist of two similar but not 

identical CRDs connected by a linker peptide (80). Galectin 9’s CRDs are typically 130 amino 

acid residues in length and are tightly folded into a sandwich structure of five- and six- stranded -

sheets (83). Similar to Gal-3, Gal-9 is expressed in myeloid cells and epithelial cells. Activated 

lymphocytes also secrete Gal-9 (109–111).   

Galectin-9 has high affinity (dissociation constant 0.16-0.7 µm) for branched N-glycans 

and repeating oligolactosamines over monovalent N-glycans (112). Previous studies on mouse 

and human galectin 9 CRD’s have shown that the N-terminal and C-terminal CRD have different 

oligosaccharide binding specificities as well as affinities for N-acetyllactosamine (113). The N-

terminal CRD exhibited high affinity for glycolipid glycans, Forssman pentasaccharide and A-

hexasaccharide, whereas the C-terminal CRD has a higher affinity for branched oligosaccharides 

and sialylated oligosaccharides such as sialyllactose (80). It is noteworthy that both CRD’s are 

required for Drgal9-L1 to exert functions such as eosinophil chemoattraction activity (80, 113).   

 As with Gal-1 and Gal-3, Gal-9 participates in the innate immune response and is 

upregulated during inflammation(102). Galectin-9 is a potent chemoattractant for eosinophils 

and is able to promote both their adhesion to IFNg- activated fibroblasts and migration during 

infection (79).  In addition to inflammation, Gal-9 has the ability to kill thymocytes, peripheral 
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T-cells, and T-cell lines. In fact, the peptide linker increases potency of T cell killing compared 

to galectin 1(114–116).   

C. Recognition functions 

The cell displays a wide array of surface glycoconjugates that contain galectins ligands 

such as Gal1-4GlcNAc, Lac, ABH blood group oligosaccharides, and polylactosamine chains 

(89). Common galectin ligands include integrin, laminin, fibronectin, and mucins (79, 95, 117). 

Galectins recognize and bind to these galactose-containing glycoconjugates with varying 

affinity, and are able to “decode” the information through the protein-carbohydrate interactions 

(65, 118).  

Galectin’s recognition of endogenous glycans is essential to modulating host immune 

homeostasis (103, 117). Binding of galectins to self-glycans can influence immune cells to 

migrate across endothelial surfaces, respond to chemotactic gradients, and release pro- or anti-

inflammatory mediators (58). For example, galectin 1, recognizes and binds to neutrophils to 

modulate activation, cell adhesion and trafficking. Galectin 1 functions to inhibit activation and 

chemotaxis of neutrophils during inflammatory response but can activate and stimulate migration 

of resting neutrophils all depending on the glycosylation exhibited(80) Meanwhile, galectin 3 

exhibits pro-inflammatory activity by modulating macrophage recruitment and enhancing its 

survival (80).   

Galectins are able to mediate cell to cell and cell to pathogen interactions through cross-

linking ligands on the surface (58). The ability to recognize and bind to non-self-glycans on the 

surface of the pathogen allows galectins to act as PRRs.  Pathogens such as enveloped viruses 

are able to utilize host cell machinery, including glycan biosynthesis, resulting in them 
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displaying host like glycans on the viral surface which facilitates the initial infection (65, 80). 

However, galectins can recognize a variety of PAMPS and initiate signaling pathways in the 

immune response (119). Alternatively, they can function as alarmins by converting “danger 

signals” into an initiation of the innate immune response (58, 59). Galectins can recognize and 

bind directly to glycans on the pathogens surface. Galectin 1, for example recognizes N-linked 

glycans displayed on the Nipah virus envelope glycoprotein. By binding to these glycans and 

crosslinking them, galectin 1 can inhibit cell-cell fusion with the host membrane (120).  

D. Effector functions 

 In addition to initial pathogen recognition, galectins can mediate downstream effector 

functions such as immobilization, opsonization, and phagocytosis of pathogens (121). Galectin 3 

is known to bind to the O-antigen side chains of a gastritis causing bacteria, Helicobacter pylori. 

Binding of H. pylori to epithelial cells upregulates galectin 3 expression and secretion which 

results in recruitment of phagocytic cells to the infection site (122).  

Galectins also act as effector factors by directly blocking pathogen attachment and/or entry 

through binding to glycans on the surface. Galectin 1 was found to bind directly to the envelope 

glycoprotein of influenza A virus and inhibit the hemagglutinin activity and infectivity (81). 

Also, in the case of dengue virus, galectin 1 binding inhibits its adsorption and internalization at 

target cells (123). While galectins participate in direct binding to pathogens and initiation of the 

innate immune response, binding to glycoconjugates can also trigger downstream responses 

(124).   

The binding of galectins to microbial pathogens can lead to membrane disruption and killing 

of the microorganism. For example, galectin-4 and -8 were found to recognize and kill human 
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blood group B- antigen expressing E.coli (125, 126). Galectins can also mediate opsonization 

and phagocytosis of the pathogen, such as the shrimp galectin, MjGal (127).  

  

E. Subversion of galectin roles in immune defense by pathogens to enter the host 

While galectins play a significant role in the innate immune response as described above, 

pathogens can “subvert” the immune roles of host galectins to facilitate attachment and entry into 

the host cell.  Examples of parasites and pathogens exploiting the function of galectins during 

infection have all been found.  

Perkinsus marinus is a protozoan intracellular parasite that causes Dermo disease in the 

eastern oyster (Crassostrea virginica).  Oyster hemocytes express two galectins, CvGal1 and 

CvGal2, with four CRDs that are located in the cytoplasm and secreted into the extracellular 

space following recognition of a foreign substance. CvGal1 binds to P. marinus and is 

phagocytosed by the hemocyte, where it proliferates inside the cell (128).  

Trichomonas vaginalis is an extracellular protozoan parasite that is sexually transmitted. T. 

vaginalis displays a surface lipophosphoglycan (LPG) that is rich in Gal and GalNAc. Gal-1 and 

Gal-3 facilitated infection by mediating adherence of the parasite to the cervical epithelial cells 

in an LPG-dependent manner. Additionally, they suppressed chemokines that facilitated 

recruitment of phagocytes and reduced the IL-8 response to LPG (129). Meanwhile, Chlamydia 

trachomatis is an obligate intracellular pathogen that is also sexually transmitted.  The 

attachment of C. trachomatis to host epithelial cells is enhanced by galectin-1 interaction through 

recognition of the bacteria’s glycoprotein and N-glycans on host cell.  The dimeric form of 

galectin 1 facilitates the bacteria’s entry and increases infection (130).   
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Macrophages are one of the first cells target during HIV-1 infection. They, along with other 

cells at the infection site, secrete soluble galectin 1, which forms a dimer, allowing it to cross 

link glycoconjugates between cells or cells and pathogens. HIV-1 infection of macrophages was 

found to increase in the presence of soluble galectin-1 but not galectin-3, likely due to the virus 

exploiting galectin-1’s cross linking ability to increase viral adsorption (130). As discussed 

above, galectins can increase the severity of infection. For instance, galectin 1 and 3 can enhance 

Streptococcus pneumoniae attachment during influenza A virus infection (126). The influenza 

and S. pneumoniae infections alter the glycosylation patterns of epithelial cells and modulate 

galectin expression. The increase in galectin 1 and 3 expression resulted in increased S. 

pneumonia attachment to the cell surface (131).  

VI.  Model systems to investigate immune functions of galectins 

A. Overview: Methods and model systems to study galectins  

In order to better understand the roles galectins, play in the innate and adaptive immune 

response to pathogen adhesion and infection, we need a range of tools to study galectins both in 

vitro and in vivo. The use of in vitro assays such as western blots, enzyme-linked immunization 

assays (ELISAs), glycan array analysis, co-immunoprecipitation, frontal affinity 

chromatography, and surface plasmon resonance (SPR) are needed for the biochemical and 

molecular characterization of galectins. These assays can be used to identify galectin ligands, 

affinity for known ligands, and cell surface receptors that galectins associate with. To produce 

recombinant galectins and determine their function in vivo, model cell lines and model systems 

are needed. Galectins have a wide taxonomic distribution including vertebrates, invertebrates, 

protists, and fungi (132). There are a range of model systems that have been used to address 

galectin research from cell lines, to bivalves, teleost fish, and mammals.   
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1. Mammalian model systems 

Mammals have a diverse lectin repertoire and express all three classes of galectins, proto-

type, chimera, and tandem repeat. There are 15 known galectins found in mammals, many of 

which have several isoforms. The mouse (Mus musculus) has  been an attractive model organism 

for studying human disease due to their close phylogenetic relation, ease of breeding in a 

laboratory setting, and the ability to generate genetically modified strains (133). Mice express all 

galectin classes and have been used in studies on cancer (134) inflammatory response (130), 

development (130) viral infection (135) and more. A multitude of cell lines exist, allowing for 

both in vivo and in vitro studies.  

Studies examining the role of galectins in influenza and S. pneumoniae infection include 

human cell lines such as A549 as well as murine models (136–138). Mouse models can be 

difficult for the elucidation of in vivo functions of galectins due to the large number of isoforms 

in mammalian models (105).  

2. Zebrafish as a model system  

The zebrafish model offers multiple advantages over invertebrate and mammalian models 

for the elucidation of developmental and immune processes (19, 105) because: (a) embryonic 

development is ex-utero and larvae are transparent, morphological and cellular aspects, such as 

the development of lymphoid tissues and inflammatory cellular responses, can be directly 

examined and manipulated at early points in development; (b) mutations and screening for 

mutant phenotypes can be achieved on a larger scale in a faster and in a more cost-effective 

manner than in other systems; (c) well established  approaches, such as the use of antisense 

knockdowns and CRISPR/Cas9 knockouts for silencing expression genes of interest can be very 

useful for characterizing the functional aspects of genes of interest; (d) lastly, dominant 
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negative/transgenic approaches, can also be applied for functional studies. Most importantly, 

many orthologous genes are shared between zebrafish, mouse and man.  These observations 

combined with recent advances in the cell biology, functional genomics, and technical 

manipulations of zebrafish make this model increasingly more attractive for developmental and 

immunobiological studies. Finally, genomic databases for zebrafish have been developed 

recently, which enable the in-silico identification and analysis of genes of interest.  

Zebrafish is an excellent model 

for studying galectins because they have 

orthologous genes for galectins and 

express all three types (proto, chimera, 

and tandem repeat) (Figure 5). Their 

repertoire is less diverse than in 

mammals, but they still express 

isoforms of the proteins. Zebrafish 

exhibit temporal and spatial patterns of 

galectin expression during 

development (19). Recombinant forms of these galectins have been developed based on the 

sequence and used in previous studies(139). In a prior study in our lab, the zebrafish galectins 

Drgal1-L2 and Drgal3-L2 were shown to interact with the IHNV glycoprotein and inhibit viral 

attachment(12).   

3. Fish cell lines as an in vitro model system  

 There is an abundance of fish cell lines that can be used as model in vitro systems. Fish 

cells lines are often low maintenance, easier to care for and genetically manipulate compared to 
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infection and galectins. Zebrafish express all three 
galectin classes and show both temporal and spatial 
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mammalian cells. They are capable of highly reproducible results which makes them an ideal 

choice for a range of studies, not just those related to teleost fish (140). A range of cell lines are 

available from zebrafish to salmon, trout, fatheaded minnow, and other species.  Salmonid-

derived cell such as RTG-2, RTH, and CHSE-214 have been used in fish rhabdovirus studies 

(19, 105, 141).  Meanwhile, zebrafish cell lines include zebrafish liver (ZFL), zebrafish kidney 

(ZFK), embryo cell lines and newly developed lines from tumors. The epithelioma papulosum 

cyprini (EPC) cell line is a widely used tool for studying fish viral infection. This cell line has 

been used as a standard for viral detection and toxicity assays(17, 142).  
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Chapter 2: Prior Studies, Preliminary Observations, and Hypothesis  
 

I. The role(s) of galectins in IHNV infection in the zebrafish model system  

We have previously established the zebrafish (Danio rerio) as a suitable model for 

studying molecular, structural and functional aspects of galectins in teleost fish as this species is 

a genetically tractable model system that expresses all three galectin types (proto, chimera, and 

tandem-repeat) while the galectin repertoire comprises a limited number of isoforms (4, 12, 16, 

19). While the detailed mechanisms for IHNV attachment and entry into the host cell are not 

fully understood, in vitro studies carried out in our lab showed that protein-carbohydrate 

interactions between host galectins and the virus modulate viral adhesion and infectivity.  

A. Our in vitro model system 

Analysis of the IHNV glycoprotein has revealed there are three different genetic groups 

of IHNV in North America, U, M, and L. The M genogroup can be broken down into four 

subgroups, MA-MD, and is widely distributed throughout the rainbow trout farming region in 

Idaho(105). Our lab works with isolate IHNV strain 220-90 MB. One of the advantages of the 

zebrafish model is that numerous established cell lines are available that have been successfully 

used for in vitro research. We currently carry out our studies in the zebrafish liver (ZFL) cell line 

and the epithelioma papulosum cyprini (EPC) cell line from the fathead minnow (Pimephales 

promelas).  The reason for using both cell lines is that IHNV does not replicate effectively in the 

ZFL cell line. As a surrogate line for our in vitro model that had comparable endogenous galectin 

expression profiles we selected the EPC cell line, which has been already used in numerous of 

IHNV studies as the virus replicates rapidly under the standard culture conditions established for 

this cell line (19).   
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B. Prior studies in our lab 

 
An early study in our lab (19) identified all three galectin classes in the zebrafish and 

addressed their spatio-temporal expression during developmental stages and the adult animals. 

Subsequent studies focused on the role(s) of the proto and chimera galectin types on IHNV 

attachment, and the mechanisms involved(12, 15, 22, 143). More recently, Justin Mancini, a 

graduate student in our lab, initiated studies on the potential role(s) of the zebrafish tandem-

repeat Dral9-L1 on IHNV adhesion and infection. His preliminary data combined with my early 

findings described below remain unpublished and provide the basis for this thesis.  

Nita-Lazar et al (2016) tested the binding of recombinant zebrafish galectins 1 (Drgal1-

L2) and 3 (Drgal3-L1) to IHNV glycoprotein and EPC cells. The galectins bound to both in a 

dose-dependent and carbohydrate-specific manner. The binding could be inhibited by lactose but 

not mannose or sucrose. Glycotyping and mass spectrometry analysis revealed that both the viral 

glycoprotein and EPC cell surface contained complex N-linked glycans with Gal1-4GlcNAc 

(LacNAc), a known galectin ligand (19). When the virus was incubated with the galectins there 

was a significant decrease in IHNV attachment to the EPC cell surface(19, 21).   

 This galectin-mediated decrease in viral adhesion was further explored by Ghosh et al 

(2019), who developed models detailing how binding of these galectins mechanistically inhibits 

viral attachment. To do this, they first resolved the crystal structure of Drgal1-L2 in complex 

with its preferred ligand, LacNAc, at a 2.0 A resolution. This structure along with a model of 

Drgal3-L2 (based on human galectin 3 CRD) and the viral receptor was used to determine how 

the inhibitory effect occurred. The IHNV envelope glycoprotein is organized as trimers that form 

the spikes or peplomers that attach and fuse with the host cell membrane (19, 21). (Nita-Lazar et 

al. (2016) demonstrated that the IHNV envelope glycoprotein displays N-linked oligosaccharides 
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that are recognized by the galectins Drgal1-L2 and Drgal3-L1. A model of Drgal1-L2 (based on 

Drgal1-L2 crystal structure) and Drgal3-L1 (based on the crystal structure of hGal-3) 

carbohydrate recognition domain was built in complex with LacNAc and the glycoprotein 

ectodomain. The resulting model demonstrated that the Drgal1-L2 dimer was able to cross-link 

glycoproteins within the trimeric peplomer, possibly hindering the conformational changes 

required for its attachment and fusion to the cell membrane, as well as and blocking viral 

adhesion to the host cell surface. The model of Drgal3-L1 showed similar interactions with the 

glycoprotein trimers except it had a wider coverage compared to Drgal1-L2 which could explain 

the greater inhibitory effect observed on the EPC cell surface (19, 21).  

C. Preliminary studies on the role(s) of the zebrafish tandem repeat galectin 9 (Drgal9-L1)  
 

Our finding that zebrafish galectins Drgal1-L2 and Drgal3-L1 were able to bind to the 

IHNV glycoprotein and inhibit viral attachment to EPC cells (113) led us to investigate if 

Drgal9-L1 could also modulate viral attachment to the cell surface. We first investigated whether 

the ZFL and/or EPC cell surface display exposed LacNAc epitope as a potential ligand for 

Drgal9-L1. We carried out a comprehensive glycotyping analysis by flow cytometry using 

biotinylated plant lectins that recognized various types of carbohydrate structures. As shown in 

Figure 6, we confirmed that EPC and ZFL cell surface glycoconjugates contain GalNAc (SBA 

binding), Gal1-3GlcNAc (PNA binding), fucose (UEA binding), mannose (ConA binding), 2,3-

sialylated (MAA-II binding), 2,6-sialylated Gal (SNA binding), and GlcNAc (WGA binding) 

(Figure 6).  
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In addition to galectin binding, Nita-Lazar et al., (2016) also demonstrated that the ZFL and EPC 

cell lines exhibit comparable endogenous galectin expression of galectin 1 and 3. To determine if 

this was the same for galectin 9 (Gal-9) transcripts and samples from the supernatant and cell 

lysis of both cell lines were collected. Western blot analysis with anti-galectin 9 demonstrated 

that both EPC and ZFL were able to transcribe, translate and secrete Gal-9 into the extracellular 

space at a comparable level (Figure 7A). To confirm the presence of endogenous Gal-9, we used 

fluorescence microscopy to visualize intracellular and plasma membrane-associated galectin 9 in 

vitro (7B). The images show galectin 9, tagged using tetramethylrhodamine (TRITC) to be 

visualized in red, secreted into the extracellular space as well as in the cytoplasm surrounding the 

nucleus (visualized in blue via DAPI stain).  

Figure 6. Glycotype profiles of EPC and ZFL cells. 5 x 106 EPC cells (top row) or ZFL cells 
(bottom row) were fixed with 4% PFA and subsequently stained with 10 µg/mL FITC-
conjugated plant lectins (black line) in the presence of 1% w/v BSA. 100,000 gated events (95.5-
98.7% of total) were collected for each sample on a BD Accuri C6 flow cytometer. The preferred 
oligosaccharide ligands for each lectin (and their sources) are shown as symbolic representations 
below. MFI, mean fluorescence intensity. Figure by Mancini and Vasta, unpublished.  
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 Previous work in our lab 

demonstrated that the zebrafish 

galectins Drgal1-L2 and Drgal3-L1 

were able to bind to glycans on 

IHNV glycoprotein, inhibiting viral 

attachment to EPC cells(113).  To 

determine if Drgal9-L1 had any 

comparable effect on viral 

attachment to the cell surface, we 

assessed binding of the virus alone 

(control) and after it had been pre-

incubated with Drgal1-L2, Drgal3-

L1, or Drgal9-L2 (30 µg/mL) . In 

contrast to Drgal1-L2 and Drgal3-

L1, which significantly inhibited 

viral attachment (p<0.05), Drgal9-L1 significantly increased viral attachment to EPC cells 

(p<0.005) (Figure 8).  

Figure 7. ZFL and EPC cells express and secrete 
galectin homologous to Drgal1, Drgal3, and Drgal9. 
A. Total RNA and cell lysates of ZFL or EPC and their 
spent culture media were collected to analyze relative 
levels of Drgal1-L2, Drgal3-L1, and Drgal9-L2 
transcripts (I), expressed protein (II), and proteins 
secreted to the extracellular space (III).  B. EPC cells 
were then grown to 60-70% confluency on an 8-well 
chamber slide and then fixed with PFA and blocked 
with 3% w/v BSA. Cells were then incubated with anti-
galectin 9 at 1:500 dilution for 1 hour. Cells were 
washed primary antibody detected with Alexa 555 (anti-
rabbit) followed by DAPI at 1:1000 dilution. Slides 
were imaged using an Echo Revolve Microscope. 
Figure by Mancini, Abernathy, and Vasta, unpublished.  
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To further elucidate the interaction between Drgal9-L1, IHNV, and EPC cells we 

explored the effect it had on viral infection using a plaque assay. Plaques are formed when the 

cells that have been infected by the virus die and are lysed and/or detached from the plate. They 

are visible in an assay as the crystal violet stain used only stains live adherent cells, leaving clear 

“plaques” where the cells are lysed or no longer present. 

Viral infection of cells can be quantified through plaque 

assays by counting the number of plaques formed and 

after the appropriate incubation period, the cell 

monolayers are stained with crystal violet. The inverse 

absorbance of the crystal violet stain at 580 nm can 

be compared between samples. In a baseline assay, 

EPC cells were incubated with increasing plaque 

forming units (PFU) of IHNV alone (control), 

IHNV+ 150 mM maltose, or IHNV + 150 mM 

lactose at 15 0C. As the PFU of the virus increased, 

we observed there was a significant (p< 0.05) 

increase in the number of plaques formed and an 

increase in the inverse of absorbance (1/ABS590). 

IHNV plaque formation was not significantly 

inhibited with either sugar but it should be noted that 

there was a decrease in plaques when the virus was incubated with 150 mM lactose (Figure 9A).  

We observed that when IHNV was pre-incubated with Drgal9-L1 before being added to the cells, 

there was a significant (P< 0.005) increase in viral attachment (Figure 8). To test if this approach 

Figure 8. Zebrafish tandem repeat 
galectin 9 (Drgal9-L1) significantly 
increases viral attachment to EPC cell 
surface. Biotinylated IHNV was pre-
incubated with Drgal1-L2 (30 µg/mL) 
and Drgal3-L1 (30 µg/mL) or Drgal9-
L1 (30 µg/mL) for 1 h, or without 
galectin incubation (no galectin), and 
applied to EPC cells cultured in ELISA 
plates (MOI 1). IHNV binding to the 
cell surface was detected by HRP-
conjugated streptavidin. The bar graph 
shows the fold change in adhesion to 
EPC cells of IHNV that had been pre-
incubated with recombinant Drgal1-L2, 
Drgal3-L1, or Drgal9-L2 relative to 
IHNV alone.  The average of three 
biological replicates is shown. Unpaired 
T-test  *p < 0.05, **p<0.005 vs no 
galectin control. Figure by Mancini and 
Vasta, unpublished.  
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also resulted in an increase in viral infection, we repeated the plaque assay, this time incubating 

increasing concentrations of IHNV with 3 µg of Drgal9-L1 prior to adding the virus to the cell 

surface.  The addition of Drgal9-L1 significantly increased inverse absorbance (1/ABS590) and 

thus plaque formation of IHNV compared to the control. This increase could be significantly 

inhibited with 150 mM lactose (p<0.0005) but not maltose (Figure 9B).  

Taken together, our preliminary results indicate that in contrast to Drgal1-L2 and Drgal3-

L1, Drgal9-L1 increases IHNV attachment and infectivity of EPC cells. Drgal9-L1 is a tandem 

repeat galectin with two similar but not identical CRDs which have previously been shown to 

Figure 9. Recombinant zebrafish galectin-9 enhances IHNV infection of EPC cells.  
Confluent monolayers of EPC cells grown in 24-well flat-bottom plates were inoculated for 
2 h with doubling dilutions of recombinant IHNV pre-incubated with 1% w/v BSA (A) or 
3 µg of recombinant zebrafish galectin-9 (B) in the presence or absence of 150 mM maltose 
or lactose. After the initial inoculums were removed, infections were allowed to proceed 
for 5-7 days under a 0.75% v/v methyl cellulose overlay. Cells were fixed and stained with 
a 1% w/v crystal violet solution. Dried crystal violet was eluted with 33% v/v acetic acid 
for absorbance measurements. Bar graphs show average of triplicate data +/- SEM. 
Significance is shown *p<0.01,**p< 0.005, and ***p<0.0005. Figure by Mancini and 
Vasta, unpublished.  
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exhibit cross-linking effects (19). It is possible that Drgal9-L1 is subverting the immune role of 

galectins to cross-link the virus to a receptor(s) on the EPC cells surface.  

D. Open questions to be addressed in this study 

While our prior studies and the preliminary results described above strongly suggest that 

different galectin types can play opposiing roles in IHNV attachment and entry into the host 

cells, they raised several major questions concerning their specific role(s) in modulating the 

mechanism(s) involved that remain open.  This thesis will focus on questions about the role that 

Drgal9-L1 plays in the mechanism(s) of IHNV attachment and entry. 

 1.  The first question relates to the mechanism for Drgal9-mediated increase in IHNV 

attachment to the host cell surface.  Is Drgal9 crosslinking IHNV to its known receptor, 

fibronectin (FN), on the EPC cell surface? Drgal9-L1 has two similar but not identical CRDs that 

are covalently connected via a linker peptide. Galectin 9 is known to exhibit cross-linking 

activity that requires two active CRDs to exert its biological effects (116).  If Drgal9-L1 is 

crosslinking IHNV to the cell surface, is there a preference of each CRD for the virus or the cell 

surface? Are both CRDs required for this effect to occur? In this thesis we will explore the 

polarity in binding of the individual CRDs as well as the CRDs alone compared to the full-length 

protein in IHNV attachment and infection.  

2. The second question is focused on the nature of the interaction(s) (protein-

carbohydrate or protein-protein) involved in the Drgal9-L1-mediated enhancement of virus 

attachment and infectivity. In other words, what is the nature of the molecular interactions 

between Drgal9-L1, the virus glycoprotein, and the host cell surface FN? Is this interaction 

protein-protein or protein-carbohydrate based? Unlike the influenza virus which has a 

hemagglutinin that can mediate the attachment of virions to sialylated moieties on the host cell 
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surface, IHNV lacks such glycan-binding proteins. The host cell, however, expresses and 

secretes galectins that can recognize the viral glycoprotein, as shown previously in the zebrafish 

(115). This thesis will explore the role of galectins, in particular Drgal9, play in this interaction.  

3. A third question to consider is: besides FN, are there other receptors on the fish 

epithelial cell surface that may be involved in Dral9-L1-mediated IHNV attachment? 

Mammalian epithelial cells display several galectin ligand glycoproteins such as MUC1, CD147, 

EGFR or β1-integrin to which the secreted galectins could cross-link and promote attachment of 

a virus. CD147 and β1-integrin have been found to associate with galectin 3 and co-

immunoprecipitated(41). Cell surface mucins are constitutively expressed by epithelial cells, and 

MUC1 functions as a strong ligand for galectin 3 (42, 44). However, McAuley et al. (2017) 

found that Muc1 limits binding of influenza A virus (IAV) to other sialic acid-expressing 

glycoproteins that act as entry receptors for the virus. Therefore, it is possible that other cell 

surface glycans that are well established galectin ligands modulate viral attachment and entry. 

4. Finally, what is the role of epidermal mucus in IHNV attachment and infection? 

Previous research has focused on the role of mucus in neurotropic strains and while LaPatra et al 

(1989) found evidence that mucus was a source of viral transmission, no further research the role 

of epidermal mucus in IHNV transmission has been explored.  The mucosal layer coating the 

outer epidermis is a key component of the teleost immune system (4, 39, 40). A range of lectins, 

including galectins, have been identified in teleost epidermal mucus where they function in 

pathogen defense (108). Our preliminary studies have shown the presence of galectins 1,3, and 9 

in zebrafish mucus as well as multiple galectin ligands such as fibronectin, β1-integrin, CD147, 

and others. It is also known that environmental factors such as pH and salinity as well as level of 

microbial exposure can impact mucus composition and secretion rates. In turn, the changes in the 
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mucus composition affect pathogen attachment rates (109). All these factors could lead to 

increased or decrease in IHNV attachment and entry to the cell surface.  

 

II. Overarching goal of the thesis  

The goal of this thesis project is to elucidate the role of the zebrafish (Danio rerio) tandem 

repeat galectin 9 (Drgal9) in attachment and entry of the infectious hematopoietic necrosis virus 

(IHNV) to the epithelial cell (EPC) . Specifically, we are interested in the interaction between 

IHNVs glycoprotein and its receptor(s) on the epithelial cell surface, including fibronectin and 

β1-integrin, and what role Drgal9 may play in facilitating that interaction. To accomplish this 

and address the questions below we propose to: (a) characterize the biochemical and functional 

properties of Drgal9 (Chapter 3); (b) investigate in vitro the molecular and functional aspects of 

interactions between Drgal9-L1, IHNV, and the epithelial surface (Chapter 4 and 5), (c) elucidate 

the potential role of epidermal mucus in modulating such interactions (Chapter 6), and (d) revisit 

the role of Drgal1-L2 to compare and contrast with Drgal9-L1 (Chapter 7). The conclusions of 

these studies and the future directions of the project will be summarized in the final section 

(Chapter 8). 

 

III. Hypotheses 

Based on previous research published by our lab, our unpublished preliminary data, and 

research by others, we propose a mechanism of zebrafish galectin interaction with IHNV during 

attachment (Figure 10). While Drgal1-L2 and Drgal3-L2 inhibit viral attachment by binding to 

glycans on viral surface, Drgal9-L1 increases attachment by cross-linking the virus to the cell 

surface. Thus, we hypothesize that zebrafish Drgal9-L1 is cross-linking the viral glycoprotein to 
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the truncated fibronectin on the epithelial cell surface resulting in increased viral attachment 

infection. We propose that other galectin ligands such as β1-integrin, CD147, and other glycans 

are also present on the surface of fish epithelial cells and may serve as alternative viral receptors 

via a Drgal9-L1 mediated mechanism that increases the residence time of the virus at the cell 

surface and promote its attachment and entry.   

Additionally, we propose that under normal conditions IHNV may be “trapped” in the mucus 

coat in a galectin-mediated manner to the aforementioned glycan ligands and sloughed off before 

it can attach to the epithelial cells. Under stressful conditions that hinder mucus composition or 

secretion, the virus could have enhanced access to the epithelial cell surface.   

Finally, we hypothesize that in addition to binding to the IHNV envelope peplomers and 

hindering their attachment and fusion to the host plasma membrane, Drgal1-L2 may also inhibit 

IHNV attachment to the cell surface by binding to FN and hindering the IHNV-receptor 

interaction.  
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Figure 10. Proposed mechanism of recombinant zebrafish galectins interaction with 
the Infectious Hematopoietic Necrosis Virus (IHNV) during viral attachment. 
Recombinant zebrafish galectins 1 and 3, Drgal1-L2 and Drgal3-L1 respectively, reduce 
viral adhesion and infection by binding to either host or microbial glycans, blocking 
attachment. Recombinant zebrafish galectin 9, Drgal9-L1, promotes viral adhesion and 
infection by cross-linking the virus to the cell through binding to host and microbial glycans.  
 
 
Figure 10. Proposed mechanism of recombinant zebrafish galectins interaction with 
the Infectious Hematopoietic Necrosis Virus (IHNV) during viral attachment. 
Recombinant zebrafish galectins 1 and 3, Drgal1-L2 and Drgal3-L1 respectively, reduce 
viral adhesion and infection by binding to either host or microbial glycans, blocking 
attachment. Recombinant zebrafish galectin 9, Drgal9-L1, promotes viral adhesion and 
infection by cross-linking the virus to the cell through binding to host and microbial glycans.  
 
 
Figure 10. Proposed mechanism of recombinant zebrafish galectins interaction with 
the Infectious Hematopoietic Necrosis Virus (IHNV) during viral attachment. 
Recombinant zebrafish galectins 1 and 3, Drgal1-L2 and Drgal3-L1 respectively, reduce 
viral adhesion and infection by binding to either host or microbial glycans, blocking 
attachment. Recombinant zebrafish galectin 9, Drgal9-L1, promotes viral adhesion and 
infection by cross-linking the virus to the cell through binding to host and microbial glycans.  
 
 
Figure 10. Proposed mechanism of recombinant zebrafish galectins interaction with 
the Infectious Hematopoietic Necrosis Virus (IHNV) during viral attachment. 
Recombinant zebrafish galectins 1 and 3, Drgal1-L2 and Drgal3-L1 respectively, reduce 
viral adhesion and infection by binding to either host or microbial glycans, blocking 
attachment. Recombinant zebrafish galectin 9, Drgal9-L1, promotes viral adhesion and 
infection by cross-linking the virus to the cell through binding to host and microbial glycans.  
 
 
Figure 10. Proposed mechanism of recombinant zebrafish galectins interaction with 
the Infectious Hematopoietic Necrosis Virus (IHNV) during viral attachment. 
Recombinant zebrafish galectins 1 and 3, Drgal1-L2 and Drgal3-L1 respectively, reduce 
viral adhesion and infection by binding to either host or microbial glycans, blocking 
attachment. Recombinant zebrafish galectin 9, Drgal9-L1, promotes viral adhesion and 
infection by cross-linking the virus to the cell through binding to host and microbial glycans.  



 43 

Chapter 3: Characterization of the zebrafish Drgal9 repertoire 
 
Introduction 
 

Galectin 9 (Gal-9) is a tandem repeat type galectin that consist of two similar but not 

identical CRDs connected by a linker peptide (109, 110).  Galectin 9’s CRDs are typically 130 

amino acid residues in length and are tightly folded into a sandwich structure of five- and six- 

stranded -sheets (80). Galectin-9 has high affinity for sulfated glycans and blood group-related 

glycans, as well as branched N-glycans, containing poly-N-acetyllactosamine (LacNAc) β1-3 

repeats (-3Galβ1-4GlcNAcβ1-) n through recognition of internal LacNAc repeats (80, 113).  

As with Gal-1 and Gal-3, Gal-9 participates in the innate immune response and is 

upregulated during inflammation (83, 109, 111). Galectin-9 is a potent chemoattractant for 

eosinophils and is able to promote both their adhesion to IFN-y- activated fibroblasts and 

migration during infection(113). Previous studies on mouse and human galectin 9 CRD’s have 

shown that the N-terminal and C-terminal CRD have different oligosaccharide binding 

specificities as well as affinities for N-acetyllactosamine (19, 89, 105, 144). The N-terminal 

CRD exhibited high affinity for glycolipid glycans, Forssman pentasaccharide and A-

hexasaccharide. While there are differences, both CRD’s are required for Drgal9 to exert 

functions such as eosinophil chemoattraction activity (89).   

Zebrafish are a well characterized model of galectin studies (19, 89, 105, 144) They 

express all three galectin classes and offer advantages over typically mammalian models such as 

external fertilization, short generation time, transparent embryos, and a wide range of established 

tools for genetic manipulation(19, 21). Zebrafish galectin 9 was first characterized by Ahmed et 

al., (2004) and found to have the same structural organization as in mammals with two 

individual CRDs connected via a linker peptide. More recently, the role of galectins in 
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aquaculture disease has been explored (17). The role of zebrafish galectins 1 (Drgal1-L2) and 3 

(Drgal3-L2) in attachment and infection of the infectious hematopoietic necrosis virus (IHNV) 

has been studied extensively (105).  

The goal of this study was the biochemical characterization of zebrafish tandem repeat 

galectin 9 as the first step to understand its potential role(s) in viral infection. The possibility that 

the enhanced IHNV attachment and infection observed in our preliminary studies was due to 

cross-linking of the virus to the host cell surface glycans was tested by a plaque assay using a C-

terminal mutant form of Drgal9 that was pre-incubated with IHNV compared to the virus alone 

and with the WT Drgal9-L1. Further, as indicated above, the N-terminal and C-terminal CRDs of 

Gal9 have similar yet distinct specificity, we also explored the possibility that such crosslinking 

of the virus to the cell surface involved polarity, that is if any of the CRDs had a binding 

preference for either the virus or cell surface glycans in an ELISA. We first identified the most 

biologically relevant isoform to IHNV infection, Drgal9-L1, and using site directed mutations in 

the CRD developed a C-terminal CRD mutant for of the galectin. This mutant protein was used 

to examine the role of both CRDs in Drgal9 mediated cross linking of IHNV. Next we isolated 

the individual CRDs to further characterize their binding specificity and affinity for glycans and 

cell surface ligands. The results of the glycan array and solid phase analysis indicate a distinct 

difference between the binding preferences of the CRD as well as denote the significant increase 

in activity of the whole protein versus the isolated CRDs.  
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Materials and Methods  

Reagents 

 Tricaine mesylate (MS-222), oligonucleotide primers set, chloramphenicol, kanamycin, and ß-

mercaptoethanol (BME), anti-fibronectin (Product # F3648), bovine serum fibronectin were 

purchased from Sigma-Aldrich (St. Louis, MO). Revert Aid First Strand cDNA Synthesis Kit, 

EZ-Link™Sulfo-NHS-SS-Biotin kit, Protein A-Sepharose, and DAPI stain were purchased from 

Thermo Scientific (Waltham, MA).  HRP conjugated streptavidin and Alexa 488 conjugated 

streptavidin were purchased from Pierce (Rockford, IL). The pET28b (+) vectors and RosettaTM 

(DE3) pLysS competent cells, 25 U/mL Benzonase Nuclease, and lysozyme were obtained from 

Novagen (Madison, WI).  Cell culture media HBSS CaMg and L-15 Leibovitz’s were purchased 

from Gibco (Gaithersburg, MD). Trizol was obtained from Fisher Scientific (Pittsburgh, PA). 

SYBR Green ROX qPCR Master mix was purchased from Qiagen. 1 X protease inhibitor 

cocktail set 1 was purchased from Calbiochem (San Diego, CA).  TMB substrate was obtained 

from SeraCare (Gaithersburg, MD). The purified glycoproteins β1-integrin and CD147 were 

purchased from Sino Biological (Chesterbrook, PA). Anti β1-integrin was purchased from 

GenTex (Irvine, CA). Western Lightening Plus-ECL reagent. 8-chamber slides were purchased 

from Lab-Tek II (Santa Cruz, CA).  

Cell culture: 

The epithelial EPC (epithelioma papulosum cyprini) cell line (CRL-2872, ATCC) from the 

fathead minnow (Pimephales promelas) was a generous gift from Dr. Vikrham Vakharia at the 

University of Maryland Baltimore County and the zebrafish liver (ZFL) cell line (CRL-2643, 

ATCC) from Danio rerio was a generous gift from Dr. Rosemary Jagus at the University of 
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Maryland Center for Environmental Sciences. Both cell lines were grown in Leibovitz’s L-15 

medium (Gibco) supplemented with 10% v/v fetal bovine serum (FBS, Quality Biological) and 

penicillin streptomycin (Sigma) at 28° C with 100% air humidification according to the protocol 

in Nita-Lazar et al. (2016). 

Production of anti-zebrafish galectin9: 

 Anti-galectin 9 antisera were prepared in New Zealand white rabbits (Oryctolagus cuniculus) as 

previously described (105). Immunoglobulins were purified on protein A-Sepharose (Thermo 

Scientific) and tested for specificity in western blots.  

 

Virus purification:  

The IHNV strain 220-90 was propagated through multiple passages on confluent monolayers of 

EPC cells, as described(145). Confluent EPC cells grown in 75 cm2 flasks at 26°C were infected 

at a multiplicity of infection (MOI) of 0.1 in the presence of Leibovitz’s L-15 and 10% FBS. The 

infection proceeded at 17°C for 3-4 days until cytopathic effects were observed. The supernatant 

was harvested, clarified by low-speed centrifugation and separated on a discontinuous cesium 

chloride gradient by ultracentrifugation at 28,0000 xg. The band containing the virus was 

isolated and re-suspended in TEN buffers (1mM EDTA, 10 mM Tris-HCl, 1M NaCl, pH 7.4) 

and stored at -80°C. Virus titers were measured for endpoint dilution on EPC cells (Burke and 

Mulcahy 1980).  

 

Production and isolation of antibodies against IHNV virions: 

IHNV virions (5 mg total inoculum) purified from cell cultures as described above were 

provided to Proteintech Group, Inc. for the immunization of rabbits. Purification of 
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immunoglobulins was carried out with Protein A-sepharose and specificity tested by Western 

blot. Concentration was determined by protein concentration on Nanodrop 2000 

Spectrophotometer (Thermo Scientific).  

 

Animals:  

Adult zebrafish (Danio rerio) were cultivated in the Aquaculture Research Center (ARC) and 

collected at age 2-3 years. Fish weighed an average of 0.4- 0.65 grams (Columbus Center, UM).  

 

RNA extraction from zebrafish tissue and ZFL and EPC cell lines 

Healthy adult zebrafish were euthanized in buffered MS222 (Sigma-Aldrich) and immediately 

placed on a petri dish on ice.  Skin, gill and gut were dissected from 15 healthy fish and pooled 

with tissues from 5 fish in each pooled sample. Total RNA was isolated by using Trizol reagent 

(Fisher Scientific) according to the protocol and then dissolved in 50 µl water. Samples were 

quantified for protein expression and 260/280 ratio on a Nanodrop 2000 Spectrophotometer 

(Thermo Scientific).  

 

Relative quantification of Galectin 9 isoform expression by real-time PCR 

To analyze the tissue distribution of Drgal9 isoforms quantitative real time PCR was used. 

Complementary DNA (cDNA) was synthesized from 1 µg of total cellular RNA in a 20 µl 

reverse transcription reaction using the Revert Aid First Strand cDNA Synthesis Kit (Thermo 

Scientific) following the manufacturer’s instructions. For quantitative PCR, the reaction mixture 

was calculated using the Livak(2-△△CT) method. For the reaction 1 µl template of cDNA was used 

with 10 µl SYBR Green ROX qPCR Master mix (Qiagen), 8.2 µl of H2O and 0.4 µl of the 
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following oligonucleotide primers sets (Sigma-Aldrich) designed to match both the zebrafish and 

fathead minnow galectin gene sequences previously obtained in our laboratory (105) (Table 1). 

Amplification was carried out on a Fast 7500 Real-Time PCR System (Applied Biosystems). 

Thermo cycling conditions were as follows: 95 °C for 2 min to activate the polymerase, followed 

by 40 cycles of 95 °C for 15 s, 62 °C for 1 min, and 70 °C for 1 s. Cycling ended at 95 °C with 5 

C/s calefactive velocity to create the melting curve. Fluorescence measurements were taken at 70 

°C for 1 s during each cycle. Relative expression levels in the skin were used as control and set 

to 1.0  

Table 1. RT-PCR Primers  

Primer  Sequence  
Drgal9-L1 forward  5’- TGCAGATCCTTGTGGCTCAG-3’ 
Drgal9-L1 reverse 5’-AAGGCAGGAAACCCACATCC-3’ 
Drgal9-L3 forward 5’- TGAAGGCAGTCGAATTGAAGGA-3’ 
Drgal9-L3 reverse 5’- TGACTCTACTGCCACCTTAATGA-3 
Drgal9-L4 forward 5’- ACTGAACTGGAGGACATCGAC-3’ 
Drgal9-L4 reverse 5’- AACATGCACTTCCTGCAATCCT-3’ 
Drgal9-L5 forward 5’- TGTGTTTGTGAATGGCGAGC-3’ 
Drgal9-L5 reverse 5’- CAACCTGGATCAGTTACACATGC-3’ 

 

Construction of recombinant Drgal9-L1, Drgal9 C-terminal CRD mutant (C-terminal mutant), 

and enzyme cleavage insert Drgal9 (EN-Drgal9) plasmids:  

a. Drgal9-L1: 

The cloning of zebrafish galectins was described elsewhere(105) Recombinant Drgal9-L1 

(GenBank accession nucleotide no. NM_200072.1 and protein NP_956366.1) was expressed 

from the pET28b(+) vectors in transformed RosettaTM (DE3)pLysS competent cells (Novagen).   

b. C-terminal mutant: 

The sequence for recombinant Drgal9-L1 (GenBank accession nucleotide no. NM_200072.1 and 

protein NP_956366.1) was used to construct the mutant. Six key amino acid residues in the CRD 
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were identified and replaced with alanine (Ala) to inactivate the binding domain. The sequence 

was sent to GenScript to generate a plasmid. The plasmid was transformed into RosettaTM 

(DE3)plysS competent cells (Novagen).  

c. EN-Drgal9: 

The sequence for recombinant Drgal9-L1 (GenBank accession nucleotide no. NM_200072.1 and 

protein NP_956366.1) was used to construct the protein. The His tag, cleavage site for thrombin, 

and T7 tag were inserted into the peptide linker. The sequence was cloned into the pET28b(+) 

vector and transformed into RosettaTM (DE3)plysS competent cells (Novagen).  

 

Expression and purification of recombinant Drgal9-L1, C-terminal mutant, and EN-Drgal9: 

RosettaTM (DE3)plysS  cells carrying the plasmid were grown in Luria-Bertani broth with 

antibiotics (chloramphenicol, 34 µg/mL; kanamycin 30 µg/mL) (Sigma-Aldrich) to an OD of 

0.600 before induction with the addition of 0.1mM isopropyl-D-thiogalactoside for 16 h at 23° 

C. After pelleting, the soluble protein fraction was extracted with lysis buffer (50 mM Tris HCL 

pH 8, 10% glycerol, and 1% Triton X-100) containing 1mM phenylmethylsulphonyl fluoride, 1 

X protease inhibitor cocktail set 1 (Calbiochem), 20 µg/mL lysozyme, 25 U/mL Benzonase 

Nuclease (Novagen) and 0.07% ß-mercaptoethanol (BME) (Sigma-Aldrich). The clarified 

soluble fraction was loaded onto a pre-equilibrated chromatography column packed with 4ml of 

divinyl sulfone-conjugated lactosyl-Speharose slurry. The column was rinsed thoroughly with 

wash buffer one (PBS 1x, 0.07 % BME) and wash buffer 2 (PBS 0.1x, 0.07% BME) before 

eluting with elution buffer (PBS 1x, 0.07% BME, 100 mM lactose). The elution’s were 

quantified using a Nanodrop 2000 (Thermo Scientific) and then concentrated and stored with 

glycerol to a final concentration of 50% v/v.  
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Cleavage and isolation of individual CRDs from EN-Drgal9: 

 Purified EN-Drgal9 was transferred into PBS 1X buffer with 100 mM lactose and 10 mM BME. 

Cleavage of the protein at the peptide linker cut site was accomplished using 2U of thrombin 

diluted in 100 ul of thrombin dilution buffer (Novagen) according to the instructions from the 

Thrombin Kit (Novagen). Following cleavage, the protein solution was transferred into an equal 

volume of cobalt column equilibrium buffer prepared according to the HisPur™ Cobalt Resin 

Instructions (Thermo Scientific). The individual CRDs were isolated using HisPur ™ cobalt 

resin (Thermo Scientific) according to the instructions. The C-terminal CRD (C-CRD) which 

lacks the His-Tag was separated in the flow through while the N-terminal CRD (N-CRD) which 

contained the His-Tag bound to the column and was eluted using HisPur™ elution buffer 

(Thermo Scientific). Protein samples were stored in 100 mM lactose with 10 mM BME  

 

Biotinylation of Drgal9-L1, C-terminal mutant, isolated N-CRD and C-CRD:  

Drgal9-L1 protein variants were biotinylated using EZ-Link™Sulfo-NHS-SS-Biotin kit (Thermo 

Scientific). Sulfo-NHS-SS-Biotin was prepared in Millipore water at a 6mg/mL concentration 

and added to samples at 20 molar fold excess.  Samples were incubated for 2 h on ice and then 

dialyzed overnight at 4° C in PBS 1x to remove excess biotin.  

 

Polyacrylamide gel electrophoresis and Western blots:  

Purified recombinant Drgal9-L1, EN-Drgal9, N-CRD and C-CRD were analyzed by 

polyacrylamide gel electrophoresis (PAGE) on a gradient 4-15% SDS acrylamide gel under 

denaturing conditions at 120V for 1.5 h and transferred at 50V for 2.5 h to a polyvinylidene 
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(PVDF) membrane. The membranes were blocked overnight with 3% w/v BSA at room 

temperature and then incubated with a 1:500 dilution of anti-galectin9 for 1 h at room 

temperature. Indirect detection was carried out with a 1:1000 dilution of HRP-conjugated anti 

rabbit IgG. All membranes were developed using Western Lightening Plus-ECL reagent 

(PerkinElmer) on an imager fluorescence, FluorChem E (Protein Simple, Ottawa Ontario).  

 

Plaque Assay:  

Monolayers of EPC cells grown in 24-well flat-bottom plates to 90% confluency were incubated 

for 1 h at 160 C with increasing PFU of recombinant IHNV pre-incubated with 1% w/v BSA, 

Drgal9-L1 (15 µg/mL), or C-terminal mutant (15 µg/mL) in the presence or absence of 50 mM 

of maltose or lactose. After the initial inoculums were removed, the cells were washed three 

times with HBSS CaMg (Gibco) to remove any unbound virus and infections proceed for 5-7 

days under 0.75% v/v methyl cellulose overlay at 160 C. Cells were fixed and stained with a 1% 

w/v crystal violet solution.  Acetic acid was used to dissolve the stain for transfer of 200 µl into 

96 well plate where absorbance was measured at 590 nm.  

 

Glycan microarray analysis of Drgal9-L1, N-CRD, and C-CRD:  

The glycan microarray analysis for the recombinant Drgal9, the individual N- and C- CRDs, and 

the C-terminal Drgal9 mutant (“Drgal9 reagents” from here thereon) was carried out at the 

National Center for Functional Glycomics (NCFG, Harvard University). The microarray consists 

of 600 glycans printed on a chip at 5µg/mL concentration. Galectins are incubated with the 

immobilized glycans and binding is detected using fluorescence.  Drgal9 reagents were tested at 

50 µg/mL concentrations. The average relative fluorescence units (RFU), standard deviation, and 
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coefficient of variation (% CV) was reported for each.  Images of the top 5 glycans were created 

using their sequences on DrawGlycan (20, 24–26).   

 

Solid phase assay for analysis of binding activity of Drgal9 reagents for selected glycoproteins: 

 Each well of a 96-well microtiter plate was coated with 150 µl of either asialofetuin (ASF), 

Porcine stomach mucin (PSM), fetuin, or BSA at 5 µg/mL concentration and left for 2 h at 37°C. 

The wells were blocked with 3% BSA overnight at 4°C.  The plate was then incubated with 

increasing concentrations of biotinylated Drgal9-L1 or 15 µg/mL of C-terminal mutant, N-CRD, 

or C-CRD in the presence of PBS 1X or 100 mM lactose for 1 h at room temperature.  Binding 

was directly detected with HRP conjugated streptavidin (Pierce) at a 1:1000 dilution. The plate 

was developed using TMB substrate and the reaction was stopped by adding 1M HCl. 

Absorbance values were read at 450 nm using a spectrophotometer (Molecular Devices).  

 

Analysis of binding specificity of Drgal9 reagents by binding-inhibition assay: 

 Each well of a 96-well microtiter plate coated with 150 µl of asialofetuin (ASF) and left for 2 

hrs at 37°C. The plate was blocked with 3% w/v BSA overnight at 4°C. Biotinylated Drgal9-L1, 

N-CRD, and C-CRD were then incubated with either 0 mM, 10 mM, 50 mM, or 100 mM of 

fucose, mannose, glucose, galactose, sucrose, or lactose for 1 h before being added to plate 

coated in 5 µg/mL asialofetuin (ASF).  Binding was detected using HRP conjugated streptavidin 

(Pierce) at a 1:1000 dilution. The plate was developed using TMB substrate (SeraCare) and the 

reaction was stopped by adding 1M HCl. Absorbance values were read at 450 nm. Percent 

inhibition was calculated as 1- absorbance with sugar divided by absorbance without sugar times 

100.  
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Enzyme linked immunization assays (ELISAs) to test galectin binding to glycoproteins, IHNV, 

and EPC cells  

A. Binding to glycoproteins: 

 Each well of a 96-well microtiter plate was coated with 100 µl of 5µg/mL of either CD147 (Sino 

Biological), MUC1 (Sino Biological), β1-integrin (Sino Biological), or Fibronectin (Sigma 

Aldrich) and left for 2 h at 37°C. The plate was blocked with 3% w/v BSA overnight at 4°C.  

The plate was then incubated with either increasing concentrations of biotinylated Drgal9-L1 (0-

5 µg/mL) or N-/ C- CRD (0-10µg/mL). Binding was directly detected with HRP conjugated 

streptavidin (Pierce) at a 1:1000 dilution. The plate was developed using TMB substrate and the 

reaction was stopped by adding 1M HCl. Absorbance values were read at 450 nm using a 

spectrophotometer (Molecular Devices).  

B. Binding to EPC cells: 

Each well of a 96-well microtiter plate was seeded with 5 x 104 EPC cells and incubated 

overnight. The plate was blocked with 3% w/v BSA in HBSS CaMg (Gibco) overnight at 40C. 

The plate was then incubated with increasing concentrations of biotinylated Drgal9-L1, N-CRD 

or C-CRD that had been preincubated with either PBS 1X or 100 mM lactose. Galectin binding 

EPC cells was directly detected with HRP conjugated streptavidin (Pierce) at a 1:1000 dilution. 

The plate was developed using TMB substrate (SeraCare) and the reaction was stopped by 

adding 1M HCl. Absorbance values were read at 450 nm.  

C. Binding to immobilized IHNV: 

 Each well of a 96-well microtiter plate coated with 100 µl of non-biotinylated IHNV at various 

dilutions (1.25 µg/mL, 2.5 µg/mL, and 5 µg/mL) and left for 2 h at 37°C. The plate was blocked 

with 3% BSA overnight at 4°C.  The plate was then incubated with 10 µg/mL of biotinylated N-
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CRD and C-CRD that had been pre-incubated with either PBS 1X or with 100 mM lactose for 1 

h at room temperature.  Binding was directly detected with HRP conjugated streptavidin (Pierce) 

at a 1:1000 dilution. The plate was developed using TMB substrate and the reaction was stopped 

by adding 1M HCl. Absorbance values were read at 450 nm.  

Results 
 
Gene structure and localization of zebrafish tandem repeat galectin 9 isoforms 

The zebrafish tandem repeat galectin 9 comprises five known isoforms, Drgal9-L1, -L3, -

L4, - L5, and -L6 (Figure 11). All five 

isoforms have two CRDs that are similar but 

not identical to each other. Only isoform 1 

and 3 are joined by a peptide linker, 

meanwhile isoforms 4,5, and 6 are 

covalently joined between the N- and C- 

CRD. The protein sequence for each isoform 

was obtained from GenBank (Supplementary Table 3). Alignment of the Drgal9 five isoforms 

revealed a high degree of homology. However, a large 50 amino acid gap starting at 150aa in the 

alignment where the peptide linker occurs for isoform -L1 and -L3 but is absent in -L4, -L5, and 

-L6 (Supplementary Figure 27). The individual CRDs show little sequence homology when all 

aligned (Supplementary Figure 28) but, have a high sequence identity when comparing N-CRDs 

and C-CRDs alone. Isoform -L1 and -L3 share particularly high identity of 96% for both their N- 

and C-CRD (Supplementary Figure 29). Similarly, isoform -L4 and -L5 have a sequence identity 

of 93% for their N-CRD and isoform -L4 and -L6 have a sequence identity of 97% for their C-

CRD (Supplementary Figure 29).   

Figure 11. Schematic representation of the 
zebrafish galectin-9-like subunit structures. 
Drgal9-L1, Drgal9-L3, Drgal9-L4, Drgal9-L5, and 
Drgal9-L6 are represented, of which Drgal9-L4, -
L5, -L6 lack of the linker peptide.  
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The gene sequences for each isoform were 

obtained from GenBank (Supplementary Table 3). 

Using these sequences, the gene organization, 

including the exon sequences for each of the zebrafish 

galectin 9 like proteins were aligned (Figure 12).  

Drgal9-L1 and -L3 have exon regions coding for two 

distinct CRDs joined by a peptide linker (Figure 12A 

and 112B).  Drgal9-L4, -L5, and -L6 also have two 

distinct exon regions for each of the CRDs but they 

are directly next to each other (Figures 12C, 12D, and 

12E). Genes encoding all five zebrafish 

galectin 9 isoforms are located on 

chromosome 15 (Figure 13).  

Expression of galectin 9 isoforms in selected 

zebrafish tissues and fish cell lines  

While galectins are expressed in a 

wide variety of zebrafish tissues during 

development and in the adult stage (116, 146, 147) there is a particular interest in expression at 

the tissues that may be targets for viral and bacterial infection. The skin, gills, and gut are known 

entry points  of the infectious 

hematopoietic necrosis virus (IHNV) 

(19). Zebrafish galectin 9 isoform 

expression was quantified using qPCR. 

Figure 12. Gene organization of zebrafish 
galectin-9-like proteins. (A) Drgal9-L1, (B) 
Drgal9-L3, (C) Drgal9-L4, (D), Drgal9-L5, and 
(E) Drgal9-L6. The vertical boxes represent 
exons, which are numbered at the top. The size of 
each exon (in bp) is indicated at the bottom. The 
horizontal boxes represent introns, whose sizes 
are indicated in the middle (in kb). Double 
arrowed broken horizontal lines in A and B 
indicate the PCR products produced from the 
genomic DNA using the primers located in the 
introns to demonstrate that the two genes Drgal9-
L1 and Drgal9-L3 are authentic, distinct genes. 
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The primer sequences in Supplementary Table 2. were used to detect four galectin 9 isoforms, 

Drgal9-L1, -L3, -L4 and L5 (Figure 14A). The galectin 9 isoforms were more prevalent in the 

gill and gut than the skin, but all isoforms were expressed in each of the tissues. Drgal9-L1 had 

the highest relative expression in all three tissue samples (Figure 14A). In addition to zebrafish 

tissue, we also tested the zebrafish liver cell line (ZFL) for Drgal9-L1 isoform expression, as 

well as the EPC epithelial cell line from fathead minnow (Pimephales promelas). Isoforms 

Drgal9-L1, -L3, -L4 and L5 in as well as PpGal9-L1, -L3, -L4, and -L5 were all present in the 

ZFL and EPC cell lines respectively (Figure 14B). Drgal9-L1 also had the highest expression in 

EPC cells relative to other isoforms (Figure 14B). Isoform 1 (Drgal9-L1) was selected for use in 

future experiments because it had the highest expression levels in both the zebrafish tissues of 

interest, as well as in the cell lines.  

Drgal9-L1 recombinant C-terminal mutant production  

Figure 14. Tandem repeat galectin 9 isoforms are expressed in ZFL and EPC cells and 
zebrafish tissue. A. Total RNA from zebrafish skin, gills, and gut and B. epithelioma 
papulosum cyprini cells (EPC), zebrafish liver cells (ZFL) was collected. The relative 
expression level of galectin 9 isoforms 1, 3, 4, and 5 in was measured. Expression levels in 
the skin was used as control and set to 1.0 The average of triplicate assays ± SD is shown. 
Figure by Wang and Vasta, unpublished.  
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The open reading frame for the nucleotide and amino acid sequence for zebrafish galectin 

9 isoform 1, with the N-terminal and C-terminal CRDs identified, was obtained from NCBI 

GenBank and is shown in 

Figure 15A (GenBank gene 

accession number 

BCO59573.1 and protein 

accession number 

NP_956366.1) (Supplementary 

Table 3). This sequence was 

used to construct the 

recombinant protein, rDrgal9-

L1, that was successfully 

purified on a lactose-

Sepharose column and verified 

by western blot using the anti-

galectin-9 antibody (Figure 

15B). The full-length protein is 

35 kDa and the individual 

CRDs are 18kDa (N-terminal 

CRD) and 17 kDa (C-terminal CRD) on the western blot (Figure 15B).  

Figure 15. Zebrafish tandem repeat galectin 9 isoform (Drgal9-
L1) selected for recombinant protein production. A. The 
nucleic acid and amino acid sequence of the selected isoform, 
Drgal9-L1 is shown (GeneBank accession number NM_200072.1 
and NP_956366.1 respectively).The amino acid sequence is 
represented with one-letter codes above the nucleotide sequence. 
The ORF of the Drgal9L1 nucleotide sequence is shown in upper-
case letters. The CRD motifs are identified in the red boxes. The 
N-terminal CRD is from amino acids 14-147 and the  C-terminal 
CRD is from amino acids 182-310. B. The sequence was used to 
construct recombinant Drgal9-L1, which was purified and verified 
with biotinylated anti-Drgal9 (1:1000 dilution) via western blot 
analysis and developed using chemiluminescence. The full-length 
protein (35kDa) and the two CRDs (18kDa and 17 kDa) are shown.  
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Drgal9-L1 has two similar but not identical CRDs that exhibit different binding 

properties. In order to determine the specific properties of each we need to isolate the CRDs. We 

took two approaches to solving this challenge: (1) through the development of mutants (Figure 

16A); and (2) through cleaving the 

protein at the peptide linker 

(Figure 16B). The first approach 

we took was to inactivate either the 

N- or C-terminal CRD by 

mutating critical amino acids in 

the CRD resulting in abolition of 

glycan binding. Using the 

original sequence for Drgal9-L1 

(GenBank protein accession 

number NP_956366.1) six 

codons were replaced with the 

sequence for the amino acid alanine (Ala) (Figure 17A). This sequence was used to construct the 

Drgal9-L1 C-terminal mutant that was successfully purified on a lactose-Sepharose column and 

identified in a western blot using the galectin-9 antibody. The full-length protein is 35 kDa 

(Figure 17B).  

Figure 16. Overview of experimental approach for 
isolating the N- and C-terminal domains of recombinant 
zebrafish galectin 9 (Drgal9-L1). A. In method one, the 
amino acid residues in each binding domain were replaced 
with glutamic acid to create a mutant protein with either an 
inactive N- or C-terminal. In method two, Drgal9-L1 was 
cleaved at the cysteine residue in the peptide linker and the 
two terminal CRDs were separated using Fast Protein 
Liquid Chromatography (FPLC). B. In method three, an 
enzymatic cleavage site for Thrombin was inserted into the 
peptide linker and used to cleave Drgal9-L1. The two 
terminal CRD’s were separated out by affinity 
chromatography using a His-tag and T7-tag.  
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In order to compare binding activity of the C-terminal mutant to the full protein we used 

glycoproteins, ASF, fetuin (Fet), and 

porcine stomach mucin (PSM). ASF is 

the de-sialyated form of fetuin has 

terminal LacNAc residues. In contrast, 

PSM is modified by glycans containing 

the H and A blood group moieties. We 

observed a strong preference of Drgal9-

L1 for ASF, followed by PSM and then 

Fet (Figure 18).  Both proteins were 

added in equal concentration to the plate 

Figure 17.  Construction and purification of Drgal9-L1 N- and C-terminal 
mutants . A. The mRNA sequence of  Drgal9-L1 (GeneBank accession 
number NM_20072.1 ) is shown with the 7 key codons in the CRD (bolded) 
that were replaced with the codon for alanine (GCA).  B. The sequence was 
used to construct  the C-terminal mutant, which was purified on lactose 
Sepharose column.  Protein purification was verified using biotinylated anti-
Drgal9 (1:1000 dilution) via western blot analysis and developed using 
chemiluminescence. The full-length protein (35 kDa) is  shown.  
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Figure 18. C-terminal mutant preferentially binds 
asialofetuin (ASF).  A 96-well high binding plate 
coated with 50 𝜇g/mL asialofetuin (ASF), fetuin (Fet), 
and porcine submaxillary mucin (PSM) and then 
blocked with 3% BSA.  Biotinylated Drgal9-L1 and 
C-terminal mutant at 15 𝜇g/mL were added to the 
plate for 1 hour incubation. Absorbance was measured 
at 450nm.  The average of triplicate experiments +/- 
SEM is represented.  
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of standard glycoproteins and while the C-terminal mutant exhibited a similar binding profile, 

binding was decreased by approximately 50% compared to Drgal9-L1 (Figure 18). 

The observation in Chapter 2 that Drgal19-L1 increases IHNV attachment and infection 

of EPC cells (Figure 9B) led us to ask if the interaction was dependent on two functional CRDs. 

To test this hypothesis, we compared the C-terminal mutant to Drgal9-L1 in a plaque assay.  We 

first confirmed that the C-terminal mutant bound to the EPC cell surface and that binding could 

Figure 19.  Recombinant zebrafish galectin Drgal9-L1 lacking functional C-terminal CRD 
neither promotes nor inhibits IHNV infection in EPC cells. A. An ELISA was used to detect 
binding specificity of Drgal9-L1 N-terminal for EPC cells.  EPC cells were plated on a 96-well 
poly-D-lysine coated plated and incubated with varying concentrations (0, 5, 15, and 30 𝜇g/mL) 
of wild type Drgal9-L1 and C-terminal mutant Drgal9-L1 in the presence and absence of 50 mM 
lactose. Binding was detected with antibodies specific for Drgal9-L1. Average absorbance at 
450nm of triplicate experiments  (+/-) standard error of the mean is shown. B. A modified plaque 
assay was used to examine Drgal9-L1 C-terminal mutant CRD in vitro effect on IHNV infection 
of EPC cells. EPC cells were plated on a 24-well poly-D-lysine coated plate and incubated with 
IHNV in the presence of 15µg/ mL wild type Drgal9-L1 (with and without 50mM lactose),  
15𝜇g/mL Drgal9-L1 C-terminal mutant (with and without 50mM lactose) , or PBS (control) for 1 
hr at 4o C followed by 1 hr at 16 o  C. Virus was then removed and cells were coated with 25% 
methyl cellulose and left for 5-7 days until plaques formed. Bar graphs show average of triplicate 
data +/- SEM. Significance was determined using an unpaired T-Test and is shown as **p< 0.005 
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be significantly inhibited with lactose (p<0.0005) (Figure 19A). Next, IHNV was pre-incubated 

with Drgal9-L1 or the C-terminal mutant with and without lactose before being added to the 

cells.  We observed a significant increase in plaques compared to the PBS control when Drgal9-

L1 was incubated with the virus (p<0.005) as shown previously in Figure 9B. However, when 

IHNV was incubated with the C-terminal mutant, there was no significant change in the number 

of plaques compared to the PBS control (p<0.005) (Figure 19B) 

 

Insertion of enzymatic cleavage into Drgal9 peptide linker and isolation of individual CRDs  

The second approach we took was to insert an enzyme cleavage site into the peptide 

linker of Drgal9-L1 that could be used to isolate the individual CRDs. Starting with the original 

sequence for Drgal9-L1 (GenBank protein accession number NP_956366.1), the highlighted 

Figure 20.  Construction, purification, and isolation of CRDs from the enzyme 
cleavage site recombinant zebrafish galectin 9 protein (EN-Drgal9) . A. The amino 
and amino acid sequence of  Drgal9-L1 (GeneBank accession number NP_956366.1 ) 
is shown with sequences for the His-Tag, Thrombin cleavage site, and T7 Tag 
highlighted, respectively. B. The sequence was used to construct recombinant EN-
Drgal9, which was purified on lactose Sepharose. C. The protein was  cleaved using 
the thrombin cleavage kit (Novagen) before isolating the individual CRDs on a cobalt 
resin.  Protein purification and CRD isolation was verified using biotinylated anti-
Drgal9 (1:1000 dilution) via western blot analysis and developed using 
chemiluminescence. The full-length protein (35kDa) and the C-CRD and N-CRD 
(17kDa and 18 kDa respectively) are shown.  
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amino acids indicate those that were replaced for a His-Tag, thrombin cleavage site, and T7 tag 

respectively (Figure 20A). This sequence was used to construct EN-Drgal9-L1 which was 

successfully purified on a lactose-Sepharose column and identified in a western blot using the 

galectin-9 antibody (Figure 20B). The full-length protein was cleaved using thrombin and the 

individual CRDs were isolated on a cobalt column and verified using western blot (Figure 20C).   

Analysis of the carbohydrate specificity of Drgal9-L1, C-terminal mutant, and isolated 

CRDs  

Nita-Lazar et al. (2016) previously observed that zebrafish galectin 1 (Drgal1-L2) and 3 

(Drgal3-L2) bound to complex N-linked oligosaccharides with terminal galactose-ß (1-4)-N-

acetylglucosamine moieties on the IHNV envelope and glycoconjugates on the EPC cell surface. 

To elucidate if Drgal9-L1 and its individual CRDs also bound to terminal Galß-1-4GlcNAc, we 

carried out a glycan microarray analysis (Figure 21). The top 5 binders for Drgal9-L1, based on 

relative fluorescent units (RFU) +/- SD, are shown. All glycans contained either terminal or 

internal Galß1-4GlcNAc repeats as identified by the red boxes (Figure 21A).  Isolated N- and C- 

CRD also bound to glycans containing terminal or internal Galß-1-4GlcNAc repeats as well 

(Figure 21B and 21C).  While all galectin 9 protein samples bound to glycans containing 

terminal or internal Galß-1-4GlcNAc repeats such as those in Figure 22A and 22B, only the N-

CRD and Drgal9-L1 bound to a glycan containing the sequence for ABH blood group B (Figure 

22C).  Meanwhile, the C-CRD was the only protein to bind strongly to a glycan containing 
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terminal ABH blood group H oligosaccharide (22D). 

Figure 21. Analysis of the specificity of Drgal9-L1 and isolated CRDs for preferred 
oligosaccharides indicates terminal and internal LacNAc repeats. Protein samples were 
used in a 600-sample array of oligosaccharides at 5 𝜇g/mL. The top oligosaccharides based on 
relative fluorescence units (RFU) for each protein are shown here.  A) Drgal9-L1 at a 
concentration of 200 𝜇g/mL was used in the array. The  RFU values for the oligosaccharides 
1–5 illustrated are as follows (glycan array code number is in parentheses): 1 (575), 36186 ± 
1031; 2 (573), 34764 ± 463; 3 (581), 32903 ± 1803; 4 (577), 32821 ± 1674; 5 (583), 32709 ± 
2271. B) Drgal9-L1 N-CRD at a concentration of 50 𝜇g/mL was used in the array. The  RFU 
values for the oligosaccharides 1–5 illustrated are as follows (glycan array code number is 
in parentheses): 1 (578), 9086 ± 386; 2 (368), 8907 ± 469; 3 (534), 8822 ± 185; 4 (575), 8008 
± 232; 5 (576), 7857 ± 146. C) Drgal9-L1 C-CRD at a concentration of 50 𝜇g/mL was used in 
the array. The  RFU values for the oligosaccharides 1–5 as well as 16 illustrated are as follows 
(glycan array code number is in parentheses): 1 (575), 63218 ± 976; 2 (555), 63184 ± 
2717; 3 (558), 62821 ± 2053; 4 (577), 62583 ± 1276; 5 (574), 62421 ± 1645; 16 (74) 37437 ± 
3179. The complete relative fluorescent unit dataset used for this analysis can be accessed at 
the website for Core H of the Consortium for Functional Glycomics. Glycan models were 
constructed using DrawGlycan (Cheng et al., 2017) 
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The finding that Drgal9-L1 and the isolated CRDs bound to Galß-1-4GlcNAc (LacNAc) 

repeats led us to test the binding of Drgal9-L1 and the N- and C-CRD to ASF, Fet, and PSM.  

The glycoproteins were coated on a 96-well plate at 1µg/mL concentration.  Drgal9-L1 was 

added in increasing concentrations and bound best to ASF followed by PSM and Fet (Figure 

23A). The glycan microarray analysis revealed that while all the protein samples bound to Galß-

1-4GlcNAc repeats there were distinct differences in binding of the isolated CRDs. To determine 

if this observation was extensive to oligosaccharides of selected glycoproteins we compared 

binding of the isolated N- and C-CRD. Both CRDs had the same binding profile, with the highest 

binding to ASF followed by PSM and then fetuin, but the N-CRD showed higher binding 

Figure 22. Drgal9-L1 , N-CRD, C-CRD, and C-terminal mutant recognize terminal 
and internal Galβ1-4GlcNAcβ1 sequence units.  A and B. All proteins bound strongly 
to glycans like those in A and B with multiple chains of  both internal and terminal Galβ1-
4GlcNAcβ1 sequence units. C. The N-CRD, C-terminal mutant and DrGal9-L1 all bound 
to this glycan which contains the sequence for ABH blood group B. D.  The C-CRD did 
bound to bound strongly to this glycan containing terminal ABH blood group H 
oligossacharide . Glycan array analysis was carried out by the Jamie Heimburg-Molinaro, 
Ph.D. and Professor Richard D. Cummings, Ph.D. Glycan models were constructed using 
DrawGlycan (Cheng et al., 2017) 
 
 
Figure 22. Drgal9-L1 , N-CRD, C-CRD, and C-terminal mutant recognize terminal 
and internal Galβ1-4GlcNAcβ1 sequence units.  A and B. All proteins bound strongly 
to glycans like those in A and B with multiple chains of  both internal and terminal Galβ1-
4GlcNAcβ1 sequence units. C. The N-CRD, C-terminal mutant and DrGal9-L1 all bound 
to this glycan which contains the sequence for ABH blood group B. D.  The C-CRD did 
bound to bound strongly to this glycan containing terminal ABH blood group H 
oligossacharide . Glycan array analysis was carried out by the Jamie Heimburg-Molinaro, 
Ph.D. and Professor Richard D. Cummings, Ph.D. Glycan models were constructed using 
DrawGlycan (Cheng et al., 2017) 
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compared to the C-CRD. The isolated CRDs had weaker binding relative to Drgal9-L1 and the 

C-terminal mutant (Figure 23B).  

 

Galectins bind to a variety of cell surface glycoproteins, including fibronectin, CD147 

and β1-integrin (108). We selected several glycoproteins that are known galectin ligands, and  

that were commercially available as recombinant proteins, to test if they were recognized by 

Drgal9-L1, and if there were any differences in binding between the isolated CRDs. We coated a 

96-well flat bottom plate with fibronectin, β1-integrin, and CD147. Drgal9-L1 bound to β1-

integrin followed by fibronectin, with weak binding to CD147. (Figure 24A). Differences in 

binding between the two CRDs were not statistically significant. Both the isolated N- and C- 

CRD exhibited a similar binding profile to Drgal9-L1 with a preference for β1-integrin followed 

by fibronectin (Figure 24B and 24C).  

Figure 23. Drgal9-L1 and isolated CRDs preferentially bind asialofetuin.  A 96-well 
high binding plate coated with 50 𝜇g/mL asialofetuin (ASF), fetuin (Fet), and porcine 
submaxillary mucin (PSM) and then blocked with 3% BSA. A. Biotinylated Drgal9-L1 
was added in increasing concentrations (0-5 𝜇g/mL) for 1 h incubation. B.  Biotinylated 
C- and N- CRD at 15 𝜇g/mL are incubated on the plate for 1 hr. Absorbance was measured 
at 450nm.  The average of triplicate experiments +/- SEM is represented.  
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Next, we examined inhibition of 

Drgal9-L1 and the isolated CRDs to their 

strongest ligand, ASF, using monosaccharides 

and disaccharides. A plate was coated with 

ASF and incubated with 15 µg/mL of each of 

the proteins that had been pre-incubated with 

increasing concentrations of either lactose, 

galactose, glucose, sucrose, mannose, and 

fucose (Figure 25). Lactose showed the highest 

% inhibition for all three: 92.5% +/- 0.01742 

SEM for Drgal9-L1 (Figure 25A), 77.5 %  +/- 

0.21971 SEM for N-CRD (Figure 245B) and 

71.2% +/- 0.01629 SEM  for C-CRD (Figure 

25C). All other sugars tested failed to 

achieve 25% inhibition at the highest 

concentration tested (Figure 25).  

 

 

Figure 24. Drgal9-L1 and isolated CRDs bind 
to cell surface galectin ligands. A 96-well high 
binding plate coated with 5 𝜇g/mL of fibronectin, 
CD-147, and β1-integrin and then blocked with 
3% BSA. A. Biotinylated Drgal9-L1 was added 
in increasing concentrations (0-5 𝜇g/mL) for 1 h 
incubation. B. Biotinylated C-CRD was added in 
increasing concentrations (0-10 𝜇g/mL) for 1 h 
incubation. C. Biotinylated N-CRD was added in 
increasing concentrations (0-10 𝜇g/mL) for 1 h 
incubation Absorbance was measured at 450nm.  
The average of triplicate experiments +/- SEM is 
represented.  
 
 
 
 
 
 
Figure 24. Drgal9-L1 and isolated CRDs bind 
to cell surface galectin ligands. A 96-well high 
binding plate coated with 5 𝜇g/mL of fibronectin, 
CD-147, and β1-integrin and then blocked with 
3% BSA. A. Biotinylated Drgal9-L1 was added 
in increasing concentrations (0-5 𝜇g/mL) for 1 h 
incubation. B. Biotinylated C-CRD was added in 
increasing concentrations (0-10 𝜇g/mL) for 1 h 
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Drgal9-L1 and isolated CRD binding 

to viral and cell surface glycans  

The finding that Drgal9-L1 bound 

to LacNAc repeats and multiple cell 

surface receptors containing those 

repeats, led us to test binding of the 

protein to the EPC cell surface and to 

IHNV. Previous work on the role of 

galectins in viral attachment 

demonstrated that the infectious 

hematopoietic necrosis virus (IHNV) 

glycoprotein contained terminal LacNAc 

sequences that zebrafish galectins bound 

to in a carbohydrate dependent manner 

(80, 83, 111). Drgal9-L1 bound to EPC in a 

dose-dependent manner and could be 

significantly inhibited with the presence of 

lactose (p<0.0005) but not sucrose (Figure 

26A). We also tested the isolated CRDs to 

determine if there was a difference in 

preference in binding for the virus or the 

EPC cells surface.  Both the N- and C- CRD 

bound to the EPC cell surface and could be 

Figure 25. Recombinant Drgal9-L1 and isolated 
N- and C-CRDs  binds in a carbohydrate specific 
manner. Inhibition curves of Drgal9-L1 (A), N-
CRD (B), and C-CRD (C) binding to asialofetuin 
(ASF) were generated using a direct  ELISA. 
Biotinylated Drga9-L1, N-CRD, and C-CRD  (15 
𝜇g/mL) was incubated with increasing 
concentrations (10-100 mM) of either fucose, 
mannose, glucose, galactose, sucrose, or lactose for 
1 hour before being added to plate with 50 𝜇g/mL of 
ASF. Binding was detected with HRP-conjugated 
streptavidin at 0.15 mg/mL concentration.  Average 
of triplicate data is represented. Percent inhibition 
was calculated as (1-absorbance with 
sugar/absorbance without sugar) x 100.   
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CRD (B), and C-CRD (C) binding to asialofetuin 
(ASF) were generated using a direct  ELISA. 
Biotinylated Drga9-L1, N-CRD, and C-CRD  (15 
𝜇g/mL) was incubated with increasing 
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significantly inhibited with lactose (p<0.0005) (Figure 26B and Figure 26C). A select 

concentration of Drgal9-L1 was added to increasing concentrations of IHNV. Binding could be 

significantly inhibited with lactose (p<0.0005) (Figure 25d). Both CRDs also bound, with low 

binding, to IHNV and could be inhibited with lactose (p<0.0005) (Figure 26E and 26F). 

Discussion 
 

Galectin-9 is a tandem-repeat galectin with carbohydrate binding ability in both the N- 

and C-terminal carbohydrate recognition domain(109, 110) . Galectin 9 has five known isoforms 

in zebrafish, Drgal19-L1, -L3, -L4, -L5, and -L6.  In this study we characterized the zebrafish 

tandem repeat galectin 9 isoform 1 (Drgal9-L1), its isolated N- and C- terminal CRDs, and a C-

Figure 26. Isolated N-CRD and C- CRD bind to EPC cells and IHNV in a carbohydrate 
dependent manner. EPC cells were grown to 90% confluency and then blocked with 1% BSA 
overnight. The cells were then incubated for 1 h with increasing concentration of biotinylated (A) 
Drgal9-L1 (B) N-CRD and (C) C-CRD protein at increasing concentrations (0-30 𝜇g/mL) that had 
been previously incubated with and without 100 mM lactose. Alternatively, IHNV was immobilized 
at increasing concentrations (1.25-10 𝜇g/mL) on 96-well microtiter plate. Biotinylated samples of 
(D) Drgal9-L1, (E) N-CRD, or (F) C-CRD at 10 𝜇g/mL concentration that been previously 
incubated with and without 100 mM lactose were added.  Binding was detected with HRP-
conjugated streptavidin at 0.15 mg/mL concentration.  Bar graphs show average of triplicate data 
(+/-) standard error of the mean. An unpaired T-test was used for statistical analysis **p<0.005, 
and ***p<0.0005 of control vs lactose groups 
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terminal mutant of the galectin through biochemical analysis of binding specificity for 

biologically relevant ligands.  

Glycan array analysis of the Drgal9-L1 proteins showed that all protein samples bound to 

terminal and internal Gal1-4GlcNAc (LacNAc) repeats. Drgal9-L1 and its isolated N- and C-

CRD of human galectin 9 have been reported to have a high affinity for repeating Gal1-4 

GlcNAc (N-acetllyactosamine) residues as well as branched N-glycans and oligolactoasmines 

(83, 109). While all proteins bound to these LacNAc repeats, there were differences between the 

N- and C- CRD.  The C-CRD bound to ABH blood group B while the N-CRD bound to ABH 

blood group H.  These observations are consistent with previous work on galectin CRDs which 

showed that the N- and C- CRD has different binding preferences (117).  In particular the human 

N-CRD exhibits a preference for the Forssman pentasaccharide (80, 83).   

To further characterize the binding of Drgal9-L1 and its isolated CRDs we tested binding 

to glycoproteins displaying sialyated LacNAc (Fet), exposed LacNAc (ASF), and blood group 

oligosaccharides (PSM), as well as the ability of various mono- and disaccharides to inhibit 

binding to ASF. In addition, we looked at well-established galectin ligands present at epithelial 

cell surface. Among the cell surface glycoproteins tested for binding by Drgal9-L1 and the 

isolated CRDs, β1-integrin followed by fibronectin were the preferred galectin ligands. When 

looking at their binding to the EPC monolayer and purified IHNV, there was no significant 

difference in binding to one or the other for either Drgal9-L1 or the isolated N- and C- CRDs. 

This observation is not completely unexpected as experiments on binding of the N- and C-CRD 

of galectin 9 to the eosinophil surface found that they interact with the same or closely related 

ligands(83, 111, 148, 149).  
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Galectin CRDs tend to have lower affinity towards their glycan ligands (approx. KD = 106 

M) compared to typical protein-protein interactions (KD = 108 M) (64, 80, 105). The affinities of 

galectin 9 for single LacNAc residues have been shown to be relatively low(111). However, 

oligomerization of galectin molecules enables them to achieve more stable interactions with their 

ligands. The ability to bind to multiple ligands results in an increase in galectin avidity (150). 

When comparing the two CRDs, human galectin 9 C-CRD had a 3.3-5.7 lower affinities to 

LacNac 2, 3, and 5 than the N-CRD (113). The N- and C- CRD of galectin 9 in other species 

have comparable binding affinity for most glycoprotein N-linked glycans with repeating LacNAc 

units. However, it should be noted that fucosylation and sialyation of glycans was found to 

reduce affinity for both CRDs (58).  

The Drgal9-L1 mediated increase in IHNV infection was only observed when both N- and C- 

CRDs were active. The requirement for both CRDs to be active in order to carry out a function 

has been observed before, specifically in order for galectin 9 to exert its eosinophil 

chemoattractant activity (21, 119, 121). Galectins are known to mediate viral to host cell surface 

interactions  (151–153) through cross-linking of cell and viral surface ligands to either inhibit 

viral attachment (152) or facilitate attachment and infection (2, 14). Galectin 9 specifically, has 

been shown to increase HIV infection of Th2 cells through modulating redox reactions at the cell 

surface (12, 15, 35). These findings support our hypothesis that Drgal9-L1 is crosslinking IHNV 

to the EPC cell surface.    

In this study we observed that there was a difference in glycan binding between the 

isolated N- and C-CRD but no noticeable polarity between the virus and EPC cell surface. Sato 

et al. (2002) proposed that there were three possible interactions that could occur between the 

two CRDs of galectin 9 and the target cell surface glycoconjugates. The first is that the two 
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individual CRDs bind to distinct glycoconjugates. In our study this idea was supported by both 

the glycan array and purified glycoprotein data which showed distinct binding preferences of the 

CRDs. The second is that the domains bind to identical glycoconjugates and therefore the protein 

overall can function as a homodimer. This is less likely as there were distinct differences in the 

top glycan array ligands for the N- and C- CRDs. Finally, there is the possibility that each CRD 

binds to distinct oligosaccharide moieties on the same glycoconjugates. This is the most likely 

case as the CRDs did have differences in glycan and glycoprotein preference as well as affinity 

for the glycoproteins but overall, still bound similarly to both the virus and EPC cell surface.   

Supplementary Figures 

 

 
 Figure 27 (supplementary). Amino acid sequence comparison of the of Drgal9 proteins. The 
sequences are aligned with the Clustal Omega Multiple Sequence Alignment program 
(https://www.ebi.ac.uk/Tools/msa/clustalo/).   
 
 
 Supplementary Figure. 27. Amino acid sequence comparison of the of DrGal9 proteins. The 
sequences are aligned with the Clustal Omega Multiple Sequence Alignment program 
(https://www.ebi.ac.uk/Tools/msa/clustalo/).   
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Figure 28 (supplementary). Amino acid sequence comparison of the N- and C-
terminal carbohydrate recognition domains (NCRD and CCRD) of Drgal9 proteins. 
The sequences are aligned by Clustal Omega program. 
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Figure 29 (supplementary). Amino acid sequence identity between the N- and C-
terminal carbohydrate recognition domains (N and C CRD) of Drgal9-L1 with 
those of Drgal9-L3, -L4, -L5, and -L6. The sequences of each CRD are aligned with 
the BLAST program (https://blast.ncbi.nlm.nih.gov/).  
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Chapter 4: Role of Drgal9-L1 in IHNV infection: Drgal9-L1 mediated 
crosslinking of IHNV to cell surface viral receptor fibronectin 
 
Introduction  
 

The infectious hematopoietic necrosis virus (IHNV) is one of the most economically 

important fish viral pathogens due to its impact on commercial and recreational fishing as well as 

on the fish farming industry (34, 35). Fibronectin present on the fish epithelial cell surface, has 

been shown to be involved with rhabdovirus attachment (35). Fibronectin is a high molecular 

weight glycoprotein with two domains around 220+/- 20 kDa in mass that is ubiquitously present 

in the plasma as well as extracellular matrix (ECM) of most tissues (15). A study characterizing 

the cDNA encoding for zebrafish (Danio rerio) fibronectin identified an additional truncated 

form (FN2) (37, 154, 155). Cells that expressed the recombinant protein or had been incubated 

with the soluble form of FN2 were more susceptible to IHNV infection due to the protein 

mediating viral attachment and entry(156).   

The actual mechanism of IHNV interaction with this receptor remains unknown.  As 

discussed in previous chapters, Nita -Lazar et al. (2016) explored the role of galectins as PRRs in 

IHNV infection of the epithelial EPC cell line of the fathead minnow.  Ghosh et al (2019) further 

examined the mechanism of Drgal1-L2 and Drgal3-L1 through models with the viral envelope 

glycoproteins.  Preliminary findings in our lab, as discussed in Chapter 2, show that in contrast to 

Drgal1 and 3 which inhibit IHNV attachment, Drgal9-L1 significantly increases viral attachment 

and infection (Figure 8 and 9).  

Fibronectin is a well-known galectin ligand (154) that is heavily glycosylated with hybrid 

and complex N-glycans (157). Galectin 9 is reported to bind to fibronectin in squamous 

carcinoma cells, significantly increase cellular adhesion to fibronectin and collagen coated plates 

(157). Fibronectin could be a target for galectin-mediated binding of IHNV. We hypothesized 
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that in contrast to Drgal1-L2 and Drgal3-L1, Drgal9-L1 would cross-link the viral glycoprotein 

to fibronectin on the epithelial cell surface, thereby enhancing viral attachment and modulating 

viral infectivity.  

The goal of this study was to examine the role Drgal9-L1 plays in IHNV attachment and 

infection through its interaction with fibronectin. We first needed to confirm that fibronectin was 

present on the EPC cell surface and that Drgal9-L1 could increase IHNV attachment to it.  Next, 

we took a sequential approach to identify FN as the IHNV receptor on the EPC cell surface and 

investigate if carbohydrates on FN and the IHNV virions were responsible for the Drgal9-L1-

mediated enhancement of viral attachment. This included the inhibition of Drgal9-L1-mediated 

cross-linking of IHNV to purified FN and EPC cells through glycosidase treatments, specific 

antibodies, and siRNA knockdown of FN expression on EPC. Our results demonstrated that 

while the Drgal9-L1-mediated increase in IHNV attachment to EPC cells was carbohydrate and 

dose-dependent,  it was not solely dependent on the presence of fibronectin as attachment was 

only partially inhibited by both antibody and siRNA knockdown. This indicates that in addition 

to fibronectin Drgal9-L1 may rely on alternative cell surface receptors 

 

Materials and Methods 
  
Reagents 

Chloramphenicol, kanamycin, and ß-mercaptoethanol (BME), Neuraminidase, -galactosidase 

were purchased from Sigma-Aldrich (St. Louis, MO). PNGase F was purchased from New 

England Bio labs.  EZ-Link™Sulfo-NHS-SS-Biotin kit, Protein A-Sepharose, custom PCR 

primers, DAPI stain, Oligo (dT), RevertAid RT, RiboLock (RI), DreamTaq master mix, and 

dNTP mix were purchased from Thermo Scientific (Waltham, MA). DNase, Nuclease free H2O, 
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10x cDNA mix, and EDTA were Invitrogen (Carlsbad, CA)  HRP conjugated streptavidin and 

Alexa 488 conjugated streptavidin were purchased from Pierce. The pET28b (+) vectors and 

Rosetta (DE3) pLysS competent cells, 25 U/mL Benzonase Nuclease, and lysozyme were 

obtained from Novagen (Madison, WI).  Cell culture media HBSS CaMg and L-15 Leibovitz 

were purchased from Gibco (Gaithersburg, MD). 1 X protease inhibitor cocktail set 1 was 

purchased from Calbiochem (San Diego, CA).  TMB substrate was purchased from SeraCare 

(Gaithersburg, MD). Anti-fibronectin and bovine serum fibronectin were purchased from Sigma 

Aldrich. Western Lightening Plus-ECL reagent. 8-chamber slides were purchased from Lab-Tek 

II (Santa Cruz, CA). Custom siRNA was purchased from Dharmacon (Lafayette, CO).  

 

Cell culture: The culture of fish cell lines was carried out as described previously in Chapter 3.  

 

Production of anti-zebrafish galectin 9 and anti IHNV antibodies:  

Anti-galectin9 antisera were prepared in New Zealand White rabbits as previously described 

(105). The anti-IHNV (whole virions) antiserum was prepared in rabbits (Proteintech Group, 

Inc.) using IHNV (5 mg total inoculum) purified from cell cultures are described above.  All 

immunoglobulins were purified on Protein A-Sepharose (Thermo Scientific) and tested for 

specificity in western blots.  

 

Test for IHNV  to EPC cells: 

 Each well of a 96-well microtiter plate was seeded with 5 x 104 EPC cells and incubated 

overnight. The plate was blocked with 3% BSA in HBSS CaMg (Gibco) overnight at 40C. To the 

plate was added biotinylated IHNV that had been pre-incubated with 30 µg/ml of either PBS1X, 
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Drgal1-L2, Drgal3-L1, or Drgal9-L1. Viral attachment to EPC cells was directly detected with 

HRP conjugated streptavidin (Pierce) at a 1:1000 dilution. The plate was developed using TMB 

substrate (SeraCare) and the reaction was stopped by adding 1M HCl. Absorbance values were 

read at 450 nm using a spectrophotometer (Molecular Devices).  

 

Fluorescence microscopy:  

EPC cells were plated at 2x10^4 cells/well in 200 µl of medium for each chamber slide (Lab Tek 

II) and grown to 60-70% confluency.  Cells were washed, fixed with 4% v/v paraformaldehyde 

(Thermo Scientific) for 10 min, and blocked with 3% w/v BSA for 1 h at room temperature 

(RT). The cells were then incubated with 200 µl of either 1:500 dilution of either anti-drgal9 

(Proteintech Group, Inc), anti- fibronectin (Sigma Aldrich), anti- MUC1 (ProteinTech), or anti 

β1-integrin (GeneTex) overnight at 4o  C.  The cells were washed PBS three times and then 

incubated with secondary antibody, Alexa 555 conjugated anti-rabbit (Life Technologies) at 

1:200 dilution for 1 h.  After the cells were washed to remove excess antibody, they were 

incubated with DAPI stain (Thermo Scientific) at 1:1000 dilution and mounted in ProLong 

Antifade mounting medium (ThermoFisher). Cells were imaged using the Revolve by Echo on 

EPI-Fluorescence setting for DAPI, FITC, and TRITC respectively.  

 

Isolation of cell surface proteins from EPC cells: 

 Biotinylation of the EPC cell surface, and subsequent isolation was done in accordance with the 

instructions from the Piece Cell Surface Protein Isolation Kit (Thermo Scientific). Cells were 

grown to 90-95% confluency and biotinylated using Sulfo-NHS-SS-Biotin (Thermo Scientific) 

before being lysed and run through a NeutrAvidin Agarose Column (Thermo Scientific) to 
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isolate the biotinylated cell surface proteins. Protein concentration was measured using a 

Nanodrop 2000 (Thermo Scientific) .   

 

Detection of fibronectin on the EPC cell surface:  

Isolated EPC cell surface proteins (CSP) were run on a 4-15% gradient SDS-PAGE Gel 

(SMOBIO) and transferred to a PDVF membrane. The membranes were blocked overnight with 

3% w/v BSA at room temperature (RT) and then incubated with ant-fibronectin (Sigma Aldrich) 

at 1:1000 dilution followed by HRP conjugated cross absorbed anti-rabbit (Invitrogen) at 1:4000. 

Membranes were developed using Western Lightening Plus-ECL reagent (PerkinElmer) 

followed by exposure to a fluorescence imager. 

 

Glycosidase treatments of fibronectin, IHNV virions, and EPC cells  

A. Neuraminidase treatment: 

 To cleave sialic acid from sialylated glycans bound to the purified fibronectin (Sigma Aldrich) 

500 µg of the glycoprotein were incubated with 3U of neuraminidase from Clostridium 

perfringens (Sigma Aldrich) overnight at 37o C. The sample was then dialyzed in PBS1X to 

remove cleaved sialic acid. The neuraminidase-treated FN is designated nFN.  

B. Beta-galactosidase treatment of nFN: 

To cleave the exposed ß-galactosides from desialylated fibronectin (nFN), 250 µg of nFN were 

incubated with 5U of ß-galactosidase from Escherichia coli (Sigma Aldrich) overnight at 37°C. 

The sample was then dialyzed in PBS1X to remove the cleaved galactose. The neuraminidase/ß-

galactosidase-treated FN is designated n/gFN. 

C. PNGase F treatment 
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To cleave N-linked glycans covalently linked to the purified fibronectin and IHNV samples, 500 

µg of fibronectin (Sigma Aldrich) or IHNV were mixed with denaturing buffer (New England 

Bio Labs) and heated at 100o C for 10 minutes.  After, G7 and NP40 were added according to the 

protocol provided by the manufacturer (New England Bio Labs) before incubating the sample 

with 3U of PNGase F (New England Bio Labs) overnight at 37 oC. The sample was then 

dialyzed in PBS1X to remove cleaved glycans. This sample is designated pFN for fibronectin 

and pIHNV for the IHNV virions. To cleave N-linked glycans bound to 𝛽1- integrin and the EPC 

cell surface, PNGase F at 5U/mL was added to the plate and left for 4 h at 37 ºC. The cells and/ 

or immobilized protein were washed three times with PBS 1X and blocked for 1h at RT with 3% 

w/v BSA before being used for an ELISA. The PNGase F-treated 1- integrin was designated 

p𝛽1- integrin  and the PNGase F-treated EPC cells were designated pEPC.  

  

Assessment of glycosidase treatment effectiveness by western blot 

 To verify the effectiveness of the glycosidase treatment of fibronectin and IHNV a series of 

western blots and Coomassie gels were used. For the western blots, protein and viral samples 

were run on a 4-15% SDS-PAGE Gel (SMOBIO) and transferred to a PDVF membrane. The 

membranes were blocked overnight with 3% w/v BSA at RT and then incubated with one of the 

biotinylated plant lectins (Table 4) to detect the presence of the specific glycans before and after 

glycosidase treatment.  Binding was detected using HRP conjugated streptavidin (Pierce) at a 

1:1000 dilution. All membranes were developed using Western Lightening Plus-ECL reagent 

(PerkinElmer) followed by exposure to a fluorescence imager.  
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Table 4.  Biotinylated plant lectins for glycotyping  

Lectin Abr. Sugar 
Specificity 

Sambucus 
nigra SNA Neu5Aca2-

6Gal/GalNAc 

Maackia 
amurensis II MAA II 

NeuAca2-
3Galβ1-
4GlcNAc 

Erythrina 
cristagalli ECA Galβ1-4GlcNAc 

Maackia 
amurensis I MAA I Galβ1-4GlcNAc 

Wheat Germ WGA GlcNAc 

 

To verify PNGase F treatment of fibronectin, samples were run on a 4-8% gradient gel at 110V 

for 2h . The gel was stained with Coomassie brilliant blue for 30 min and then washed (1part 

acetic acid, 5 parts water, 4 parts methanol) for 5 x 10-minute washes before being imaged.  

 

Enzyme linked immunosorbent assays (ELISA) for testing binding of Drgal9 to glycosidase-

treated glycoproteins, IHNV virions, and EPC cells 

A. Binding to glycosidase-treated fibronectin 

Each well of a 96-well microtiter plate was coated with 100 µl of 5 µg/ml of untreated or 

glycosidase-treated fibronectin (FN, nFN, n/gFN, or pFN) and incubated for 2 h at 370C. The 

plate was blocked with 3% BSA overnight at 40C.  The plate was then incubated with either 

increasing concentrations of biotinylated Drgal9-L1 or biotinylated IHNV/ pIHNV at 7.5 µg/ml 

that had been pre-incubated with increasing concentrations Drgal9-L1 in the presence of PBS or 

100 mM lactose or sucrose (in PBS) for 1h at RT.  Binding was directly detected with HRP 

conjugated streptavidin (Pierce) at a 1:1000 dilution. The plate was developed using TMB 
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substrate and the reaction was stopped by adding 1M HCl. Absorbance values were read at 450 

nm.  

B. Binding to glycosidase-treated IHNV virions 

 Each well of a 96-well microtiter plate was coated with 100 µl of 5 µg/ml of IHNV or pIHNV 

and left for 2 h at 370C. The plate was blocked with 3% BSA overnight at 40C.  The plate was 

then incubated with increasing concentrations of biotinylated Drgal9-L1 that had been pre-

incubated with either PBS 1X, 100 mM lactose, or 100 mM sucrose for 1 h at RT.  Binding was 

directly detected with HRP conjugated streptavidin (Pierce) at a 1:1000 dilution. The plate was 

developed using TMB substrate and the reaction was stopped by adding 1M HCl. Absorbance 

values were read at 450 nm.  

C. Binding to glycosidase-treated EPC cells 

 Each well of a 96-well microtiter plate was seeded with 5 x 104 EPC cells and incubated 

overnight.  The cells were then treated with PNGase F as described above or left in HBSS CaMg 

(Gibco). The plate was blocked with 3% w/v BSA in HBSS CaMg (Gibco) for 1 h at RT.  The 

plate was then incubated with increasing concentrations of biotinylated Drgal9-L1 or 

biotinylated IHNV/ pIHNV (7.5 µg/ml) that had been pre-incubated with Drgal9-L1 in the 

presence of PBS1X or 100 mM lactose. Galectin and viral binding to EPC cells was directly 

detected with HRP conjugated streptavidin (Pierce) at a 1:1000 dilution. The plate was 

developed using TMB substrate (SeraCare) and the reaction was stopped by adding 1M HCl. 

Absorbance values were read at 450 nm.  
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Antibody inhibition assay on immobilized purified glycoprotein:  

Each well of a 96-well microtiter plate was coated with 100 µl of 5 µg/ml of Fibronectin (Sigma 

Aldrich) or β1-integrin (Sino Biological) and left for 2 h  at 37oC. The plate was blocked with 

3% w/v BSA overnight at 4oC.  The plate was then incubated with increasing concentrations of 

anti-fibronectin (Sigma Aldrich) for 1 h. Increasing concentrations of biotinylated Drgal9-L1 or 

biotinylated IHNV at 7.5 mg/ml that had been pre-incubated with increasing concentrations 

Drgal9-L1 for 1 h at RT were then added to the plate. Binding was directly detected with HRP 

conjugated streptavidin (Pierce) at a 1:1000 dilution. The plate was developed using TMB 

substrate and the reaction was stopped by adding 1M HCl. Absorbance values were read at 450 

nm. Percent inhibition was calculated as [(absorbance of binding without antibody- absorbance 

of binding with antibody)/absorbance of binding without antibody) x 100].  

 

Antibody inhibition assay on EPC cell monolayers: 

 Each well of a 96-well microtiter plate was seeded with 5 x 104 EPC cells and incubated 

overnight. The cells were incubated with increasing concentration of anti-fibronectin (Sigma 

Aldrich) and left to incubate for 2 h at RT.  Increasing concentrations of biotinylated Drgal9-L1 

or biotinylated IHNV at 7.5 µg/ml that had been pre-incubated with increasing concentrations 

Drgal9-L1 for 1 h at RT were then added to the plate. Binding was directly detected with HRP 

conjugated streptavidin (Pierce) at a 1:1000 dilution. The plate was developed using TMB 

substrate and the reaction was stopped by adding 1M HCl. Absorbance values were read at 450 

nm. Percent inhibition was calculated as [((absorbance of binding without antibody- absorbance 

of binding with antibody)/absorbance of binding without antibody) *100].  
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Silencing of fibronectin expression in EPC cells by siRNA:  

EPC cells were grown to 80% confluency and then transfected with mixture of siRNA duplex  

targeting fathead minnow fibronectin-1 (FN siRNA) (Table 5) or buffer only as control (ctrl).  

Table 5. siRNA primers for fibronectin-1 

Sense Antisense 

CACUUGUCAUGGAGUUUCUGGUAUA  UAUACCAGAAACUCCAUGACAAGUG 

AGGGAGUCUGGAGAGUGAACCUAUU AAUAGGUUCACUCUCCAGACUCCCU 

 

  After 96 h of incubation, cells were trypsinized and pelleted for use in western blot 

confirmation  and PCR (described below).  For western blot, samples were run on a 4-15% SDS 

PAGE gel and transferred to a PVDF membrane as described above. The samples were blotted 

with anti-fibronectin at 1:1000 or anti-tubulin at 1:1000 dilution. Band intensity was determined 

using Image J analysis (60, 81, 95). The ratio of control FN to tubulin was plotted compared to 

siRNA treated FN to tubulin.   

Once silencing was confirmed, the experiment was repeated with EPC cells plated in a 

96-well plate and grown to 90% confluency for use in an ELISA as described above. Binding of 

increasing concentrations of biotinylated Drgal9-L1 or biotinylated IHNV (7.5 µg/ml) that had 

been pre-incubated with Drgal9-L1 in the presence of PBS 1X, or 100 mM lactose was tested 

compared to non-treated EPC cells.   

PCR of siRNA knockdown cells  

 After 96 hours incubation media was removed from cell plate and 200 µl/ well of Trizol 

was added. RNA extraction was performed according to the protocol described in, “Abcam RNA 

isolation and reverse transcription protocol: Cells in Culture” (Pattern, accessed February 2021) 
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and was quantified on a Nanodrop 2000 Spectrophotometer (Thermo Scientific) for RNA 

concentration.  1000 µg of RNA was used in cDNA synthesis. RNA was mixed with 10x buffer 

and DNase buffer and left at RT for 15 min. EDTA and oligos were then added and incubated at 

65 oC for 5 min.  To this, 5x buffer, dNTPs, RevertAid RT and RiboLock RI were added. The 

MyCycler (BioRad)  was run as described here: 5 min at 25o C, 60 min at 42o C, 5 min at 70o C 

and then left at 4o C until samples were removed.  

 For PCR a master mix of nuclease water, GreenTaq 2X mix, forward and reverse primers 

for target at listed in Table 6, and template cDNA were combined. Samples were placed in 

MyCycler as described here:  95 C for 3 min, [ 95o C for 30 sec, 55o C for 30 sec, and 72o C for 

1:20] x 35, 72o C for 5 min and then 4o C until samples were removed. PCR products were run 

on 1.5% w/v ethidium bromide agarose gel for 1 h at 100 V and imaged on the FluorChem E 

(Protein Simple). Band intensity was determined using Image J analysis(125, 126). The ratio of 

control FN to actin was plotted compared to siRNA treated FN to actin.   

Table 6. PCR primer sequences  

Target  Forward Reverse 

Actin 5TGATGAAATTGCCGCA
CTGG3’ 

5’GACCACGATGGAT
GGGAAG3’ 

Fibronectin 5’TGTAACGACCAGGAC
ACACG 3’ 

5’CCTGGGACTGGCTC
TCTACT 3’ 
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Results  
 
Drgal9-L1 mediated cross-linking of IHNV to fibronectin is carbohydrate-dependent and 

specific 

To determine if fibronectin was present on the EPC cell surface, we isolated the 

biotinylated surface proteins 

from EPC cells, and analyzed 

them by western blot using 

purified fibronectin as a control 

(Figure 30A).  Fibronectin is a 

highly conserved protein 

between mammals and fish 

(Supplementary Figure 37). 

Due to a lack of commercially 

available antibodies against 

fish fibronectin, an antibody 

against bovine fibronectin 

produced in rabbit was used.  

To verify the presence of fibronectin on the intact surface of EPC cells, we used fluorescent 

microscopy to observe the protein on the EPC cell surface and extracellular matrix (Figure 30B).   

The observation that fibronectin is present on the EPC cell surface led us to further 

explore the interaction between Drgal9-L1, IHNV, and fibronectin. To analyze the role of 

covalently-linked oligosaccharides of fibronectin, the glycoprotein was treated with exo- and 

endoglycosidases (Figure 31A). Neuraminidase treatment was used to remove sialic acid bound 

Figure 30. Fibronectin is present on the EPC cell surface .A. 
EPC cells were grown to ~95% confluence. Proteins on the cells 
surface were biotinylated using Pierce cell surface protein isolation 
kit. The cells were then lysed and surface proteins isolated using a 
NeutrAvidin column. Western blots using anti-fibronectin at 
1:1000 were used to detect the presence of the protein. B. EPC cells 
were then grown to 60-70% confluency on an 8-well chamber slide 
and then fixed with PFA and blocked with 3% w/v BSA. Cells 
were then incubated with anti-fibronectin at 1:250 dilution for 1 
hour. Cells were washed and primary antibody detected with Alexa 
555 (anti-rabbit) followed by DAPI at 1:1000 dilution. Slides were 
imaged using an Echo Revolve Microscope. 
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in a2-3 and a2-6 from fibronectin (nFN). Removal of these was confirmed using Maackia 

amurensis II (MAA II) and Sambucus nigra (SNA) respectively (Figure 31A I). After treatment 

with neuraminidase, ß-galactosidase was used to cleave the exposed ß-galactose from the 

desilalylated glycans from fibronectin (n/gFN). This was confirmed using Maackia amurensis I 

(MAA I) and Erythrina cristagalli (ECA), both of which detect Galβ1-4GlcNAc (Figure 31A II). 

Finally, PNGase F treatment was used to remove all N-linked glycans from fibronectin (pFN), 

which was confirmed via a mobility shift of pFN relative to the untreated glycoprotein on 4%-

8% SDS PAGE gel using Coomassie blue brilliance (Figure 31A III).  Binding of increasing 

concentrations of Drgal9-L1 to the glycosidase-treated fibronectins was carried out in the 

presence of either PBS1X or 100 mM sucrose or lactose. Treatment of fibronectin with -

galactosidase and PNGase F significantly inhibited Drgal9-L1 binding (p<0.005 and p< 0.0005) 

as did incubation with 100 mM lactose (p<0.0005) but not sucrose (Figure 31B).  

Next, we pre-incubated IHNV with increasing concentrations of Drgal9-L1 to determine 

if Drgal9-L1 crosslinked IHNV to the glycosidase-treated fibronectin and if that effect was 

carbohydrate dependent.  Drgal9-L1 at concentrations 2.5, 5, and 10 µg/ml significantly 

increased IHNV attachment to FN (p < 0.005) but this effect was inhibited when testing IHNV 

attachment to glycosidase treated fibronectin, n/gFN and pFN (p< 0.005 and p< 0.0005) or when 

IHNV pre-incubated with Drgal9-L1 was incubated with lactose (p<0.005). Additionally, we 

observed that IHNV binding to FN alone was significantly inhibited when n/gFN or pFN was 

used (p<0.0005) or when pre-incubated with lactose (p<0.005) (Figure 31C).  
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Figure 31. Drgal9-L1 mediated cross linking of IHNV to fibronectin is carbohydrate 
specific. A. Fibronectin was treated with various glycosidases to remove key glycans 
involved in galectin binding. I) Bovine serum fibronectin (FN) was treated with 
neuraminidase to remove Neu5Aca2-6Gal/GalNAc and NeuAca2-3Galβ1-4GlcNAc. FN 
and neuraminidase treated fibronectin (nFN) were analyzed by Western blotting using 
biotinylated plant lectins Sambucus nigra (SNA) and Maackia amurensis II (MAA II) 
respectively to confirm. II) FN was treated with neuraminidase followed by  β-galactosidase 
to remove Galβ1-4GlcNAc containing glycans. FN and neuraminidase followed by  β-
galactosidase FN (n/gFN) were analyzed by Western blotting using biotinylated plant lectins 
Erythrina cristagalli (ECA) and Maackia amurensis I (MAA I) to confirm. III) FN was 
treated with PNGase F to remove all N-linked glycans. FN and PNGase F FN (pFN) were 
analyzed by Coomassie blue staining for mobility shift.B. An ELISA was performed to 
detect the binding of biotinylated Drgal9-L1 (0-10 𝜇g/mL) to 5𝜇g/mL of FN, nFN, n/gFN 
and pFN immobilized on a 96-well microtiter plate. Drgal9-L1 was incubated with either 
PBS 1X, 100 mM lactose or 100 mM sucrose before being added to the plate. C. An ELISA 
was performed to detect the binding of biotinylated IHNV (7.5 𝜇g/mL) pre-incubated with 
increasing concentrations of Drgal9-L1 (0-10 𝜇g/mL) to 5𝜇g/mL of FN, nFN, n/gFN and 
pFN immobilized on a 96-well microtiter plate. IHNV was incubated Drgal9-L1 in the 
presence of either PBS 1X, 100 mM lactose or 100 mM sucrose before being added to the 
plate. Protein binding for Western blots and ELISA was detected with HRP- conjugated 
streptavidin at (0.15 mg/mL concentration). Average of triplicate data (+/-) standard error of 
the mean standard deviation is represented in bar graphs. A multiple T-test was used *p<0.05 
and **p<.005, and ***p<0.0005 of control vs lactose groups , FN vs glycosidase treated FN, 
and **p<0.005 and ***p<0.0005 increasing concentrations vs control (0 𝜇g/mL).  
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Drgal9-L1-mediated crosslinking of IHNV to EPC cell surface is dependent on viral and 

cell surface glycans. 

The finding that both Drgal9-L1 binding and Drgal9-L1-mediated increase of IHNV 

attachment to purified FN was carbohydrate-dependent lead us to investigate if binding of the 

galectin to IHNV was also a carbohydrate-based interaction. IHNV was treated with PNGase F 

(pIHNV) to remove all N-linked glycans and confirmed through Western blot using biotinylated 

plant lectins using Maackia amurensis I (MAA I) and Erythrina cristagalli (ECA), which detect 

Galβ1-4GlcNAc, as well as Wheat Germ (WGA) which detects terminal GlcNAc residues 

(Figure 32A). Direct binding of increasing concentrations of biotinylated Drgal9-L1 to IHNV 

and pIHNV was performed using an ELISA. Increasing concentrations of Drgal9-L1 

significantly increased attachment to IHNV but not pIHNV (p<0.0005). There was a significant 

decrease in Drgal9-L1 binding to pIHNV compared to IHNV (p<0.005 and p<0.0005). Binding 

of Drgal9-L1 to IHNV was significantly inhibited with 100 mM lactose (p<0.0005) but not 

sucrose (Figure 32B).  

To test if Drgal9-L1 crosslinking of IHNV to FN was dependent on carbohydrates on the 

virus as well as on FN we compared attachment of IHNV and pIHNV that had been pre-

incubated with increasing concentrations of Drgal9-L1 (Figure 32C).  Higher concentrations of 

Drgal9-L1 significantly increased IHNV but not pIHNV attachment to FN (p<0.0005). Drgal9-

L1-mediated attachment of pIHNV to FN was significantly decreased as compared to that of 

IHNV (p<0.0005). This interaction with IHNV could be significantly inhibited by 100 mM 

lactose (p<0.005) but not sucrose. Attachment of IHNV alone to FN was significantly inhibited 

with 100 mM lactose (p<0.05) but not sucrose. Additionally, treatment of the virus with PNGase 

F (pIHNV) significantly inhibited attachment to FN (p<0.05) (Figure 32C).  
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We previously showed that Drgal9-L1, in contrast to Drgal1-L2 and Drgal3-L1, 

significantly increased IHNV attachment to EPC cell surface. To further explore this 

crosslinking interaction, we tested Drgal9-L1 alone and IHNV pre-incubated with Drgal9-L1 

Figure 32. Drgal9-L1 binding to IHNV is carbohydrate specific. A. Purified IHNV was 
treated with PNGase F to remove N-linked glycans (pIHNV). Western blots using anti-IHNV 
(1:1000 dilution) and biotinylated plant lectins, Erythrina cristagalli (ECA) and Maackia 
amurensis I (MAA I) at 5𝜇g/mL  were performed to confirm removal of Galβ1-4GlcNAc. In 
addition to  wheat germ agglutinin (WGA) was used at 5 𝜇g/mL to confirm removal of GlcNAc. 
B. An ELISA was performed to detect the binding of biotinylated Drgal9-L1 (0-10 𝜇g/mL) to 
5𝜇g/mL of IHNV and pIHNV immobilized on a 96-well microtiter plate. Drgal9-L1 was 
incubated with either PBS 1X, 100 mM lactose or 100 mM sucrose before being added to the 
plate. C. An ELISA was performed to detect the binding of biotinylated IHNV (7.5 𝜇g/mL) and 
pIHNV (7.5 𝜇g/mL) pre-incubated with increasing concentrations of Drgal9-L1 (0-10 𝜇g/mL) 
to 5𝜇g/mL of FN immobilized on a 96-well microtiter plate. IHNV and pIHNV was incubated 
with Drgal9-L1 in the presence of either PBS 1X, 100 mM lactose or 100 mM sucrose before 
being added to the plate. Binding of Drgal9-L1 and IHNV was detected with HRP- conjugated 
streptavidin at (0.15 mg/mL concentration). Average of triplicate data (+/-) standard error of the 
mean is represented in the bar grpahs. A multiple T-test was used for statistical analysis *p<0.05 
and **p<.005, and ***p<0.0005 of control vs lactose groups, IHNV vs pIHNV groups, and 
increasing concentrations vs control (0 𝜇g/mL).  
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(1:1000 dilution) and biotinylated plant lectins, Erythrina cristagalli (ECA) and Maackia 
amurensis I (MAA I) at 5𝜇g/mL  were performed to confirm removal of Galβ1-4GlcNAc. In 
addition to  wheat germ agglutinin (WGA) was used at 5 𝜇g/mL to confirm removal of GlcNAc. 
B. An ELISA was performed to detect the binding of biotinylated Drgal9-L1 (0-10 𝜇g/mL) to 
5𝜇g/mL of IHNV and pIHNV immobilized on a 96-well microtiter plate. Drgal9-L1 was 
incubated with either PBS 1X, 100 mM lactose or 100 mM sucrose before being added to the 
plate. C. An ELISA was performed to detect the binding of biotinylated IHNV (7.5 𝜇g/mL) and 
pIHNV (7.5 𝜇g/mL) pre-incubated with increasing concentrations of Drgal9-L1 (0-10 𝜇g/mL) 
to 5𝜇g/mL of FN immobilized on a 96-well microtiter plate. IHNV and pIHNV was incubated 
with Drgal9-L1 in the presence of either PBS 1X, 100 mM lactose or 100 mM sucrose before 
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attachment to glycosidase treated test cells. EPC cells were grown in a 96 well plate and were 

treated with PNGase F to remove N-linked glycans (pEPC). PNGase F treated cells compared to 

untreated controls were incubated with biotinylated plant lectins SNA, MAA II, ECA, MAA I, 

and tomato lectin (LE), to confirm removal of sialic acid from sialyated Galβ1-4GlcNAc glycans 

(Figure 33A). Binding of Drgal9-L1 to EPC and pEPC cells was tested using an ELISA. Drgal9-

L1 bound to EPC cells in a dose dependent manner. Drgal9-L1  binding to EPC was significantly 

higher than to pEPC (p<0.05, 0.005, 0.0005).  This interaction can be significantly inhibited by 

the presence of lactose (P< 0.05, 0.005, and 0.0005) but not sucrose for both EPC and pEPC 

cells (Figure 33B). 

Crosslinking of IHNV and pIHNV via Drgal9-L1 to EPC and pEPC was tested using an 

ELISA (Figure 33C). Drgal9-L1 significantly increased IHNV attachment to EPC but not pEPC 

in a dose dependent manner (p<0.005). Increased binding  could be inhibited with lactose but not 

sucrose (p< 0.005 and p<0.0005). Drgal9-L1 mediated attachment of IHNV was significantly 

decreased on pEPC cells compared to EPC cells (p<0.05, 0.005, 0.0005).  When pIHNV was 

used, crosslinking did not occur and binding to EPC cells was significantly inhibited compared 

to IHNV (p<0.0005). Attachment was further inhibited for pIHNV to pEPC compared to IHNV 

to EPC (p<0.0005) (Figure 33C). 
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Figure 33. Drgal9-L1 mediated crosslinking of IHNV to EPC cell surface is dependent on cell 
surface N-linked glycans. A. EPC cells were grown to 90% confluency and then blocked with 1% 
BSA overnight. The cells were then treated with PNGase F  (pEPC) for  4 h  or left in untreated in 
HBSS CaMg (EPC). Biotinylated plant lectins Erythrina cristagalli (ECA) and Maackia amurensis 
I (MAA I), were used  to confirm removal of Galβ1-4GlcNAc, Sambucus nigra (SNA) and Maackia 
amurensis II (MAA II), were used to confirm removal of Neu5Aca2-6Gal/GalNAc and NeuAca2-
3Galβ1-4GlcNAc respectively; and Lycopersicon esculentum (LE) was used to confirm removal of 
(GlcNAc)2-4 repeats. B. An ELISA was performed to detect the binding of biotinylated Drgal9-L1 
(0-10 𝜇g/mL) to EPC and pEPC cells grown to 90% confluency in a 96-well microtiter plate.  
Drgal9-L1 was incubated with and without 100 mM lactose for 1 h, before being added to the cell 
surface. C. An ELISA was performed to detect the binding of biotinylated IHNV (7.5 𝜇g/mL) and 
pIHNV (7.5 𝜇g/mL) that had been pre-incubated with increasing concentrations of Drgal9-L1 (0-
10 𝜇g/mL) to EPC and pEPC cells grown to 90% confluency on  a 96-well microtiter plate.  IHNV 
and pIHNV were incubated with Drgal9-L1 with and without 100 mM lactose for 1 h, before being 
added to the cell surface. Binding of proteins and virus was detected with HRP-conjugated 
streptavidin at 0.15 mg/mL concentration.  Bar graphs show average of triplicate data (+/-) standard 
error of the mean. An unpaired t-test and multiple t-test was used for analysis *p<0.01, **p<0.005, 
and ***p<0.0005 of control vs PNGase F treated cells, control vs lactose groups, and IHNV alone 
(0 𝜇g/mL) vs Drgal9-L1 
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Inhibition of Drgal9-L1 mediated cross-linking of IHNV to cell surface FN 

The finding that Drgal9-L1 binds to purified fibronectin and can significantly increase 

IHNV attachment to fibronectin as well as the EPC cell surface in a carbohydrate dependent 

manner led us to ask if Drgal9-L1 mediated cross-linking of IHNV the cell surface is fibronectin 

dependent. (Figure 34).  To test this, we performed a series of inhibition curves, starting with 

immobilized fibronectin.  A 96-well plate was coated with 5 µg/mL of fibronectin and incubated 

with increasing concentrations of anti-fibronectin. Binding of Drgal9-L1 alone and IHNV pre-

incubated with Drgal9-L1 was tested on anti-fibronectin coated fibronectin. Results are shown as 

an inhibition curve and transformed to a natural log base graph (Figure 34A and 34B). Anti-

fibronectin at 9.25 x 10-4 µg/mL and 0.002 mg/ml was needed to reach 50% inhibition for 

Drgal9-L1 (Figure 34A) and IHNV pre-incubated with Drgal9-L1 (Figure 34B) respectively. 

We repeated the assay, replacing the immobilized FN with an EPC monolayer. Neither 

Drgal9-L1 alone nor IHNV pre-incubated with Drgal9-L1 were able to reach 50% inhibition 

with the antibody concentrations used (Figure 34C and 34D). For Drgal9-L1 alone, 25% 

inhibition was achieved at 9.87 x 10-4 mg/ml (Figure 34C) and for IHNV pre-incubated with 

Drgal9-L1 25% inhibition was achieved at 7.67 x 10-4 mg/ml (Figure 34D). The extrapolated 

antibody concentration for 25% and 50% inhibition as well as the maximum inhibition at 1:100 

dilution is shown in a table in Figure 34E.  
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While antibody inhibition was able to achieve 25 

% inhibition of both Drgal9-L1 and IHNV pre-incubated 

with Drgal9-L1 biding to EPC, the polyclonal antibody 

used was a commercially available antibody against 

bovine 

fibronectin. To 

further explore 

the role of 

Figure 34. Antibody inhibition assays demonstrate that Drgal9-L1 increase in IHNV 
attachment to EPC is not fibronectin dependent.  A series of inhibition assays were 
performed using antibodies against FN to inhibit Drgal9-L1 and Drgal9-L1 mediated 
crosslinking of IHNV to fibronectin and the EPC cell surface. A and B.   FN at 5𝜇g/mL was 
immobilized on a 96-well microtiter plate and incubated with increasing concentrations of ant-
fibronectin.  Either biotinylated Drgal9-L1 (5 𝜇g/mL) (A) or Biotinylated IHNV (7.5 𝜇g/mL)  
that had been pre-incubated with Drgal9-L1 (5𝜇g/mL) for 1 h  (B) was added to the plate.  C 
and D. A 96- well microtiter plate was seeded with EPC cells  (8-10 x 104) and grown to 90% 
confluency before being blocked with 1% BSA overnight.  The plate was then incubated with 
increasing concentrations of anti-fibronectin. Biotinylated Drgal9-L1 (5 𝜇g/mL) (C) 
biotinylated IHNV (7.5 𝜇g/mL)  that had been pre-incubated with Drgal9-L1 (5𝜇g/mL) for 1 h 
(D), was added to the plate. E. Table of extrapolated antibody concentration at 25% and 50% 
inhibition as well as max inhibition at 1:100 dilution. All binding was detected with HRP- 
conjugated streptavidin at (0.15 mg/mL concentration). Average of triplicate data is 
represented. Percent inhibition was calculated as [((absorbance of binding without antibody- 
absorbance of binding with antibody)/absorbance of binding without antibody) x 100].  
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Figure 35. Optimization of siRNA knockdown of FN in EPC cells. EPC cells 
were transfected with two concentrations (33nM and 66nmM) of a mixture of 
siRNA duplex targeting fathead minnow (Pimephales promelas) fibronectin-1 
(siRNA) or buffer only (ctrl).  Samples were taken at 24, 72, and 96 hours for 
western blot analysis. At each timepoint the cells were trypsinized, extracted 
and the resulting protein lysates resolved on an SDS PAGE gel. Western blot 
of 1:1000 anti-fibronectin followed by 1:4000 anti-rabbit HRP to detect.  
 
 
 
 
Figure 35. Optimization of siRNA knockdown of FN in EPC cells. EPC cells 
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fibronectin in Drgal9-meditated attachment of IHNV we designed siRNA primers to specifically 

target fish fibronectin on the EPC cell. The silencing of FN expression by siRNA was optimized 

through testing two concentrations, 33nM and 66 nM, at four different time points, 24 h, 72h, 96 

h  and 120 h (not shown) (Figure 35). Western blot analysis and PCR (not shown) was used to 

select 96 h for further testing of Drgal9-L1 mediated IHNV attachment. We confirmed 85% 

reduction in mRNA (p<0.05) (36A) and 66.3% reduction in cell surface protein (p<0.05) (36B). 

There was a significant decrease (p<0.0005) in IHNV attachment to siRNA EPC compared to 

Figure 36. siRNA knockdown of FN in EPC cells inhibits Drgal9-L1 mediated crosslinking 
of IHNV. EPC cells were transfected with a mixture of siRNA duplex  targeting fathead minnow 
fibronectin-1 (siRNA) or buffer only (ctrl). A. After 96 hours of incubation total RNA was 
extracted from the cells and subject to cDNA synthesis followed by qPCR in duplicate with 
fibronectin-1 and beta-actin specific primers. The fold change in expression of FN vs actin was 
calculated. B. After 96 h of incubation the cells were trypsinized and proteins resolved  on an SDS 
PAGE gel. Coomise Blue stained gel of control EPC and after 96 hours of siRNA. Western blot of 
1:1000 anti-fibronectin with 1:1000 anti-tubulin control. C. Cells were replated in a 96 well plate 
and blocked with 3% w/v BSA. IHNV (7.5 𝜇g/mL) was pre-incubated with increasing 
concentrations of Dral9-L1 before being added to the plate. Binding of virus was detected with 
HRP-conjugated streptavidin at 0.15 mg/mL concentration.  Bar graphs show average of duplicate 
and triplicated (ELISA) data (+/-) standard error of the mean. An unpaired T-test was done for 
statistical analysis  *p<0.05, **p<0.005, and ***p<0.0005 of control vs siRNA treated cells 
 
 
Figure 36. siRNA knockdown of FN in EPC cells inhibits Drgal9-L1 mediated crosslinking 
of IHNV. EPC cells were transfected with a mixture of siRNA duplex  targeting fathead minnow 
fibronectin-1 (siRNA) or buffer only (ctrl). A. After 96 hours of incubation total RNA was 
extracted from the cells and subject to cDNA synthesis followed by qPCR in duplicate with 
fibronectin-1 and beta-actin specific primers. The fold change in expression of FN vs actin was 
calculated. B. After 96 h of incubation the cells were trypsinized and proteins resolved  on an SDS 
PAGE gel. Coomise Blue stained gel of control EPC and after 96 hours of siRNA. Western blot of 
1:1000 anti-fibronectin with 1:1000 anti-tubulin control. C. Cells were replated in a 96 well plate 
and blocked with 3% w/v BSA. IHNV (7.5 𝜇g/mL) was pre-incubated with increasing 
concentrations of Dral9-L1 before being added to the plate. Binding of virus was detected with 
HRP-conjugated streptavidin at 0.15 mg/mL concentration.  Bar graphs show average of duplicate 
and triplicated (ELISA) data (+/-) standard error of the mean. An unpaired T-test was done for 
statistical analysis  *p<0.05, **p<0.005, and ***p<0.0005 of control vs siRNA treated cells 
 
 
Figure 36. siRNA knockdown of FN in EPC cells inhibits Drgal9-L1 mediated crosslinking 
of IHNV. EPC cells were transfected with a mixture of siRNA duplex  targeting fathead minnow 
fibronectin-1 (siRNA) or buffer only (ctrl). A. After 96 hours of incubation total RNA was 
extracted from the cells and subject to cDNA synthesis followed by qPCR in duplicate with 
fibronectin-1 and beta-actin specific primers. The fold change in expression of FN vs actin was 



 97 

untreated cells as well as a significant decrease (p<0.005 and p<0.0005) in Drgal9-L1 mediated 

cross-linking (Figure 36C).  

Discussion 
 

We investigated the role of the zebrafish tandem-repeat galectin 9 (Drgal9-L-1) in mediating 

IHNV attachment and infection of epithelial EPC cells through its interaction with cell surface 

fibronectin.  Galectins have a diverse range of effects and functions including tissue development 

and regeneration, activating transmembrane signaling pathways, cancer proliferation and 

metastasis and regulating the immune and inflammatory response to pathogen infection (58). 

While galectins can act as PRRs and play a significant role in the innate immune response, 

pathogens can “subvert” the immune roles of host galectins to facilitate attachment and entry into 

the host cell as described in Chapter 1 (21, 119, 121).  

Galectins are known to mediate viral to host cell surface interactions (151–153) through 

cross-linking of cell and viral surface ligands to either inhibit viral attachment (152) or facilitate 

attachment and infection(12, 15, 35). Galectin 9 specifically, has been shown to increase HIV 

infection of Th2 cells through modulating redox reactions at the cell surface(37, 155).  To further 

explore how this mechanism of galectin mediated cross-linking we started with the known 

receptor for IHNV, fibronectin (156) that we confirmed was present on the EPC cell surface.  In 

addition to being a fish rhabdovirus receptor, fibronectin is a well-known galectin ligand (19, 21) 

that is heavily glycosylated with N-linked glycans that contain terminal LacNAc repeats which 

are often sialyated (154). Drgal9-L1 was able to cross link IHNV to purified fibronectin, 

significantly increasing attachment in a carbohydrate dependent and specific manner. Treatment 

of FN and or/ IHNV with glycosidases significantly inhibited not only Drgal9-L1 binding but 

also crosslinking of IHNV supporting the idea that Drgal9-L1 is cross-linking glycans on 
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fibronectin and the viral glycoprotein (62). Galectin 9 binds to both terminal and internal 

LacNAC repeats and has been previously shown to bind fibronectin. When overexpressed in 

squamous carcinoma cells, Gal-9 significantly increased cellular adhesion to fibronectin and 

collagen coated plates (19)  

The cell surface displays a wide array of surface glycoconjugates that contain galectins 

ligands such as Gal1-4GlcNAc, lactose, ABH blood group oligosaccharides, and 

polylactosamine chains (158). Drgal9-L1 significantly increased IHNV attachment to EPC cells 

in a carbohydrate dependent and specific manner. When either the virus and/or the cell surface 

was treated with glycosidase, cross-linking by Drgal9-L1 did not occur. In addition to inhibiting 

Drgal9-L1 binding, glycosidase treatment of EPC cells, FN and/or IHNV inhibit viral attachment 

to its receptor. We had previously assumed a protein-protein interaction between IHNV and 

fibronectin as the virus has no carbohydrate binding proteins of its own(159). However, 

fibronectin’s domains have distinct binding capabilities. One in particular, the C-terminal 

fragment, contains the cell-binding site which has been shown to interact with directly with viral 

proteins such as the glycoprotein during attachment (160). In a study on Influenza A, 

parainfluenza 1 and mumps, all three viral glycoproteins bound to fibronectin. Binding could be 

inhibited when fibronectin was treated with neuraminidase, indicating sialic acid moieties may 

be involved (12). Our glycosidase treatment of FN removed sialic acid both through 

neuraminidase as well as through removing N-linked glycans. However, the effect could be seen 

with just lactose indicating that another interaction is occurring. Fibronectin’s interaction with 

the cell surface and ECM has been shown to be carbohydrate dependent due to carbohydrate-

carbohydrate interactions(15). These data could explain why glycosylation of both the virus and 

FN impacted binding, but further research is needed to draw any conclusions.  
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To confirm if EPC cell surface fibronectin was the source of Drgal9-L1 mediated increase in 

IHNV attachment we tested binding of Drgal9-L1 and IHNV preincubated with Drgal9-L1 to 

antibody and siRNA treated EPC cells. The use of monoclonal antibodies to block cell surface 

fibronectin has been demonstrated previously and shown to decrease fish rhabdovirus entry (15, 

16, 25, 161). Likewise, the use of anti-fibronectin serum on salmon embryo cell line was found 

to inhibit IHNV infection(161). We first tested inhibition to purified fibronectin using a 

polyclonal antibody and were able to achieve over 50% inhibition in both experiments and then 

repeated this on a monolayer of EPC cells. On the cell surface we were unable to reach 50% 

inhibition. To further evaluate the role of FN we did an siRNA knockdown of FN on the EPC 

cell surface. While there was a significant decrease in Drgal9-L1 mediated cross-linking IHNV, 

only a partial inhibition of attachment was achieved upon FN knockdown. Our observations 

could be due in part to the modest 66% reduction in cell surface fibronectin or it may indicate 

that Drgal9-L1 can bind an alternative receptor on the EPC cells surface to facilitate IHNV 

attachment.  

Various routes of IHNV attachment and entry have been studied (161). One study used live 

cell fluorescent microscopy to track IHNV entry via clathrin mediated endocytosis in EPC 

cells(114–116). Using both inhibitory drugs against clathrin lattices and a siRNA approach to 

knockdown light clathrin light chain, they were able to achieve a significant reduction in IHNV 

infection but not complete inhibition (147, 162). It is likely that IHNV has more than one entry 

route. In addition to fibronectin, there are a multitude of other galectins ligands that could act as 

co- or alternative receptors, such as β1-integrin, CD147, and mucins(116, 146, 147), for Drgal9-

L1 facilitated attachment of IHNV. Blocking or decreasing fibronectin on the cell surface may 
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enable Drgal9-L1 to bind to other surface ligands, thus crosslinking virus to the cell surface.  

Further testing is needed to determine alternative ligands for galectin mediated binding.  

 

Supplementary Figures 
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Figure 37 (supplementary) Fibronectin amino acid sequence alignment.  Fibronectin 
sequence for bovine (sp|P07589.4), rabbit (XP_017198575.1), and zebrafish (AAU14809.1).  
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Chapter 5: Drgal9-L1 mediated crosslinking of IHNV to alternative IHNV 
receptors: The role of receptor glycosylation  
 
Introduction 
 

Galectin mediated crosslinking to cell surface proteins has wide ranging biological functions 

from transmembrane signaling to facilitating viral attachment. We previously demonstrated that 

Drgal9-L1 crosslinks IHNV to cell surface fibronectin, the reported IHNV receptor on epithelial 

fish cells, in a carbohydrate-dependent manner to increase viral attachment (Chapter 4).  

Although silencing of fibronectin expression in EPC cells using siRNA significantly decreased 

Drgal9 mediated cross linking of IHNV, we still observed a significant increase in viral 

attachment when Drgal9 was present compared to the virus alone. These results suggested that 

there could be alternative glycans on the cell surface to which Drgal9-L1 could bind and 

crosslink with the IHNV viral envelope glycoprotein, thereby increasing viral attachment. In 

chapter 3 we identified a variety of cell surface glycoproteins that are well- established galectin 9 

ligands, including fibronectin, β1-integrin and CD147. 

Drgal9-L1 demonstrated the highest binding activity towards β1-integrin, a transmembrane 

glycoprotein that is modified by N-linked glycans. This protein is of particular interest for its 

interactions with fibronectin during cell adhesion as well as rhabdovirus attachment(147). β1-

integrin is a well-known galectin ligand that all three classes of galectins bind to and interact 

with (163). The tandem-repeat galectin 8 interacts with integrins through binding to sugar 

moieties, in contrast to fibronectin which attaches at the integrins’ extracellular domain ligand 

binding site. The interaction between integrin and galectin 8 can either promote or inhibit cell 

adhesion depending on if the galectin is soluble or immobilized (164).   

In addition to β1-integrin, Drgal9-L1 also bound to CD147/EMMPRIN, a transmembrane 

glycoprotein that plays a role in secretion of matrix metalloproteinases. CD147 is also involved 
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in attachment and infection of multiple viruses such as HIV-1 (165), SARS (116), and measles 

(157). Both β1-integrin and CD147 contain β -1,6-N-actyl-D-glucosamine-branched glycans, 

which are known ligands for galectin 3.  Previous work on galectin ligands found that galectin 3 

promoted co-localization of CD147 and β1-integrin on the cell surface. Additionally, blocking of 

both CD147 and β1-integrin on the surface of retinal pigment epithelial cells inhibited galectin 3 

binding(116, 147, 162, 166).   

We hypothesize that in addition to fibronectin Drgal9-L1 would cross-link the viral 

glycoprotein to alternative cell surface receptors such as 𝛽1-integrin and CD147 and increase 

viral attachment. The goal of this study was to identify potential alternative IHNV receptors such 

as β1-integrin and CD147 and characterize their role(s) in Drgal9-L1-mediated crosslinking of 

IHNV. We addressed this goal by assessing Drgal9-L1 binding to the purified immobilized 

glycoproteins, single and double antibody inhibition assays, and siRNA knockdown in EPC 

cells.  Our results identified β1-integrin and CD147 a potential new receptor for IHNV in the 

presence of Drgal9-L1. We observed that double silencing of fibronectin and β1-integrin 

expression resulted in a greater decrease in Drgal9-L1 binding and IHNV crosslinking than the 

silencing of each receptor individually. The reduction of Drgal9-L1 binding and IHNV cross-

linking, however, was not complete either, suggesting that residual FN and β1-integrin may 

remain at the cell surface, or that other Drgal9-L1glycoprotein ligands such as CD147 can 

function as potential alternative receptors for Drgal9-L-mediated IHNV attachment.   
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Materials and Methods  
 
Reagents 

Chloramphenicol, kanamycin, and ß-mercaptoethanol (BME), Neuraminidase, β -galactosidase, 

anti-CD147, anti-fibronectin and bovine plasma fibronectin were purchased from Sigma-Aldrich 

(St. Louis, MO). PNGase F was purchased from New England Bio labs.  EZ-Link™Sulfo-NHS-

SS-Biotin kit, Protein A-Sepharose, custom PCR primers, DAPI stain, Oligo (dT), RevertAid 

RT, RiboLock (RI), DreamTaq master mix, and dNTP mix were purchased from Thermo 

Scientific (Waltham, MA). DNase, Nuclease free H2O, 10x cDNA mix, and EDTA were 

Invitrogen (Carlsbad, CA)  HRP conjugated streptavidin and Alexa 488 conjugated streptavidin 

were purchased from Pierce. The pET28b (+) vectors and Rosetta (DE3) pLysS competent cells, 

25 U/mL Benzonase Nuclease, and lysozyme were obtained from Novagen (Madison, WI).  Cell 

culture media HBSS CaMg and L-15 Leibovitz were purchased from Gibco (Gaithersburg, MD). 

1 X protease inhibitor cocktail set 1 was purchased from Calbiochem (San Diego, CA).  TMB 

substrate was purchased from SeraCare (Gaithersburg, MD). Anti-fibronectin and bovine serum 

fibronectin were purchased from Sigma Aldrich. Western Lightening Plus-ECL reagent. 8-

chamber slides were purchased from Lab-Tek II (Santa Cruz, CA). Custom siRNA was 

purchased from Dharmacon (Lafayette, CO). Purified proteins, β1-integrin, and CD-147 were 

purchased from Sino Biological (Chesterbrook, PA). Anti-β1-integrin was purchased from 

GenTex (Irvine, CA)  

 

Cell culture: Described previously in chapter 3 

 

Production of anti-zebrafish galectin 9 and anti IHNV antibodies:  
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Anti-galectin9 antisera were prepared in New Zealand White rabbits as previously described 

(105). The anti-IHNV (whole virions) antiserum was prepared in rabbits (Proteintech Group, 

Inc.) using IHNV (5 mg total inoculum) purified from cell cultures are described above.  All 

immunoglobulins were purified on Protein A-Sepharose (Thermo Scientific) and tested for 

specificity in western blots.  

 

EPC cell surface receptor protein isolation: 

 Biotinylation of the EPC cell surface, and subsequent isolation was done in accordance with the 

instructions from the Piece Cell Surface Protein Isolation Kit (Thermo Scientific). Cells were 

grown to 90-95% confluency and biotinylated using Sulfo-NHS-SS-Biotin (Thermo Scientific) 

before being lysed and run through a NeutrAvidin Agarose Column (Thermo Scientific) to 

isolate the biotinylated cell surface proteins. Protein concentration was measured using a 

Nanodrop 2000 (Thermo Scientific)  

 

EPC cell surface receptor detection blots and Drgal9-L1 overlay:  

Isolated EPC cell surface proteins (CSP) were run on a 4-15% gradient SDS-PAGE Gel 

(SMOBIO) and transferred to a PDVF membrane. The membranes were blocked overnight with 

3% w/v BSA at RT and then incubated with anti-β1-integrin (GeneTex) using commercial 

purified recombinant protein (Sino Biological) as a control. Binding was detected using HRP 

conjugated cross absorbed anti-rabbit (Invitrogen) at 1:4000. All membranes were developed 

using Western Lightening Plus-ECL reagent (PerkinElmer) followed by exposure to a 

fluorescence imager.  
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Fluorescent microscopy of EPC cells:  

EPC cells were plated at 2x10^4 cells/well in 200 µl of medium for each 8-well chamber slide 

(Lab Tek II) and grown to 60-70% confluency.  Cells were washed, fixed with 4% 

paraformaldehyde (Thermo Scientific) for 10 minutes, and blocked with 3% BSA for 1 h at RT. 

The cells were then incubated with 200 µl of anti β1-integrin (GeneTex) overnight at 4o C . 

Subsequently, the slides were washed and incubated with Cy2-conjugated streptavidin (kindly 

provided by Dr. Adam Puche, University of Maryland School of Medicine, Baltimore, MD, 

USA) or a Cy3-conjugated integrin antibody. The slides were counterstained with DAPI, 

mounted in ProLong Antifade mounting medium (ThermoFisher). The images were captured on 

a Leica SP8 TCS (Leica) with a 40x objective and 2.5x digital amplification with Fluoview V5.0. 

The images from different channels were merged with Adobe Photoshop 4.0.  

 

Glycotyping of commercial recombinant proteins: 

20 µg of lyophilized β1-integrin (SB Catalog number: 10587-H08H1) was reconstituted in 100 

µl of sterile water according to the manufacturer’s instructions for a final concentration of 0.200 

mg/mL.  50 µg of of lyophilized CD147/EMMPRIN (SB Catalog number: 10186-H02H) was 

reconstituted in 200 µl of PBS pH 7.4 according to the manufacturer’s instructions for a final 

concentration of 0.200 mg/mL. Qiagen 12 well, 4-15% gradient gels were used for the 

glycotyping. Purified protein volumes were calculated based on Coomassie gels and protein 

concentration. The samples were denatured prior to being resolved on an SDS-PAGE gel. 

Subsequently, proteins were transferred to PVDF membrane and then blocked overnight in 3% 

w/v BSA with shaking. The blot was then washed, and biotinylated plant lectins were added at 5 
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µg/ml concentration (Table 7). The blots were developed using chemiluminescence at 10 second 

exposure.  

Table 7. Lectin concentration for western blots  

Lectin Sugar Specificity Concentration 

MAA I Gal-4GlcNAc 2.5 µg/ml 

ECA Gal-4GlcNAc 2.5 µg/ml 

PNA Gal-3GlcNAc 5 µg/ml 

MAA II NeuAca2-3Gal1-
4GlcNAc 5 µg/ml 

SNA Neu5Aca2-
6Gal/GalNAc 5 µg/ml 

 
Glycoprotein binding assays:  
Each well of a 96-well microtiter plate was coated with 100 µl of 2.5 µg/ml of either CD147 

(Sino Biological), β1-integrin (Sino Biological) or PNGase F β1-integrin (β1-integrin) and left 

for 2 h at 37oC. The plate was blocked with 3% BSA overnight at 4oC.  The plate was then 

incubated with either increasing concentrations of biotinylated IHNV (0-10 µg/ml), or IHNV 

(7.5 µg/ml) that had been pre incubated with Drgal9-L1 (0-10 µg/ml) in the presence of PBS 1X 

or 100 mM lactose or sucrose for 1 h at RT.  Binding was directly detected with HRP conjugated 

streptavidin (Pierce) at a 1:1000 dilution. The plate was developed using TMB substrate and the 

reaction was stopped by adding 1M HCl. Absorbance values were read at 450 nm. 

 

Antibody inhibition assay on purified glycoprotein:  

Each well of a 96-well microtiter plate was coated with 100 µl of 2.5 µg/ml of β1-integrin (Sino 

Biological) and left for 2 h at 37oC. The plate was blocked with 3% w/v BSA overnight at 40C.  

Subsequently, the plate was incubated with increasing dilutions (0- 1:250) of β1-integrin 
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antibody (GeneTex) for 1 h.  Increasing concentrations of biotinylated Drgal9-L1 (5 µg/ml) or 

biotinylated IHNV (7.5 µg/ml) that had been pre-incubated with Drgal9-L1 (5 µg/ml ) for 1 h at 

RT were then added to the plate. Binding was directly detected with HRP conjugated 

streptavidin (Pierce) at a 1:1000 dilution. The plate was developed using TMB substrate and the 

reaction was stopped by adding 1M HCl. Absorbance values were read at 450 nm. Percent 

inhibition was calculated as [((absorbance of binding without antibody- absorbance of binding 

with antibody)/absorbance of binding without antibody) x 100].  

 

Antibody inhibition assay on EPC Cell surface: 

 Each well of a 96-well microtiter plate was seeded with 5 x 104 EPC cells and incubated 

overnight. The cells were incubated with increasing concentration of β1-integrin antibody 

(GeneTex) and then incubated for 2 h at RT with biotinylated Drgal9-L1 (5 µg/ml) or 

biotinylated IHNV at 7.5 µg/ml that had been pre-incubated with Drgal9-L1 (5 µg/ml) for 1 h at 

RT.  Binding was directly detected with HRP conjugated streptavidin (Pierce) at a 1:1000 

dilution. The plate was developed using TMB substrate and the reaction was stopped by adding 

1M HCl. Absorbance values were read at 450 nm. Percent inhibition was calculated as 

[((absorbance of binding without antibody- absorbance of binding with antibody)/absorbance of 

binding without antibody) x100].  

 

Cell surface receptor silencing in EPC cells:  

EPC cells were grown to 80% confluency and then transfected with mixture of siRNA duplex  

targeting fathead minnow β1-integrin (β1-integrin siRNA) alone or β1-integrin as well as 

fibronectin-1 (FN siRNA), or buffer only (ctrl) (Table 8).   
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Table 8. siRNA sequences  

 Sense Antisense 

Fibronectin 
CACUUGUCAUGGAGUUUCUGGUAUA  UAUACCAGAAACUCCAUGACAAGUG 

AGGGAGUCUGGAGAGUGAACCUAUU AAUAGGUUCACUCUCCAGACUCCCU 

β1-integrin 
CACCCGGUUGUUGGUGUUCUCUACU GUGGGCCAACAACCACAAGAGAUGA 

CGGUGGAAUCGUGCUUCCCAAUAU GCCACCUUAGCACGAAGGGUUACUA 

 

  After 120 h of incubation, cells were trypsinized and pelleted for use in western blot 

confirmation  and PCR (described below).  For western blot, protein lysates were resolved on a 

4-15% SDS PAGE gel and transferred to a PVDF membrane as described above. The samples 

were blotted with anti-fibronectin at 1:1000, anti-β1-integrin 1:1000 or anti-tubulin at 1:1000 

dilution. Band intensity was determined using Image J analysis (157). The ratio of control FN or 

β1-integrin to tubulin was plotted compared to siRNA treated FN or β1-integrin to tubulin.   

Once silencing was confirmed, the experiment was repeated with EPC cells plated in a 

96-well plate and grown to 90% confluency for use in an ELISA as described above. Binding of 

increasing concentrations of biotinylated Drgal9-L1 or biotinylated IHNV (7.5 µg/ml) that had 

been pre-incubated with Drgal9-L1 in the presence of PBS 1X, or 100 mM lactose was tested 

compared to non-treated EPC cells.   

PCR of siRNA knockdown cells  

 After 120 h incubation media was removed from cell plate and 200 µl/ well of Trizol was 

added. RNA extraction was done according to protocol described in, “Abcam RNA isolation and 

reverse transcription protocol: Cells in Culture” (Pattern, accessed February 2021) and was 

quantified on a Nanodrop 2000 Spectrophotometer (Thermo Scientific) for RNA concentration.  

1000 µg of RNA was used in cDNA synthesis. RNA was mixed with 10x buffer and DNase 
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buffer and left at RT for 15 min. EDTA and oligonucleotides were then added and incubated at 

65 oC for 5 min.  To this, 5x buffer, dNTPs, RevertAid RT and RiboLock RI were added. The 

MyCycler (BioRad)  was run as described here: 5 min at 25o C, 60 min at 42o C, 5 min at 70o C 

and then left at 4o C until samples were removed.  

 For PCR a master mix of nuclease water, GreenTaq 2X mix, forward and reverse primers 

for target at listed in Table 9, and template cDNA were combined. Samples were placed in 

MyCycler as described here:  95o C for 3 min, [ 95o C for 30 sec, 55o C for 30 sec, and 72o C for 

1:20] x 35, 72o C for 5 min and then 4o C until samples were removed. PCR products were run 

on 1.5% w/v ethidium bromide agarose gel for 1 h at 100 V and imaged on the FluorChem E 

(Protein Simple). Band intensity was determined using Image J analysis (15, 35, 161). The ratio 

of control cells to actin was plotted compared to siRNA treated cells to actin.   

Table 9. PCR primer sequences  

Target  Forward Reverse 

Actin 5’TGATGAAATTGCCGCACTGG 3’ 5’GACCACGATGGATGGGAAG 3’ 

Fibronectin 5’TGTAACGACCAGGACACACG 3’ 5’CCTGGGACTGGCTCTCTACT 3’ 

β1-integrin 5’TACTGCGAGTGCGACAACTT 3’ 
 

5’GCGCTTACAGGTGTCCTTCT 3’ 
 

 

Results  
 
Alternative galectin ligands present on the EPC cell surface 

 The partial inhibition of Drgal9-L1-mediated increase in IHNV attachment to the EPC 

cell surface in cells that had been either pre-incubated with anti-fibronectin antibodies or subject 

to silencing of fibronectin expression strongly suggested the potential for alternative galectin 

IHNV receptors on the cell surface. Two well established Gal9 ligands, β1-integrin and CD147, 

became of interest for their known interactions with galectins as well as viral receptors (167).To 
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determine if they are present on the EPC cell surface, we isolated the cell surface proteins of 

biotinylated intact EPC cells and analyzed them by western blot compared to the purified 

proteins (Figure 38A).  Both proteins are fairly conserved between mammals and fish 

(Supplementary Figure 

44 and 45).  However, 

due to a lack of 

antibodies against the 

fish CD147- and β1-

integrin-like proteins, 

antibodies against the 

human CD147 and β1-

integrin produced in 

rabbits were used.  To 

verify presence of 

CD147 and β1-integrin 

on the cell surface, we 

used fluorescent 

microscopy to observe the protein on the EPC cell surface and extracellular matrix (Figure 38B).   

While both proteins are known galectin ligands, the attachment of IHNV to receptors 

alternative to fibronectin had not yet been investigated. In chapter 3 we tested binding of Drgal9-

L1 and its isolated CRDs to multiple galectin ligands. Drgal9-L1 did bind to both CD147 and β1-

integrin but we did not confirm at the time if the binding was carbohydrate-dependent.  To test 

this, we first purchased the purified proteins from Sino Biological and glycoptyped them using 

Figure 38. Alternative galectin receptors are present on the EPC cell 
surface A. EPC cells were grown to ~95% confluence. Proteins on the cells 
surface were biotinylated using Pierce cell surface protein isolation kit. The 
cells were then lysed and surface proteins isolated using a NeutrAvidin 
column. Western blots using anti-CD147 and anti- 𝛽1	- integrin at 1:1000 
were used to detect the presence of the protein. B. EPC cells were then 
grown to 60-70% confluency on an 8-well chamber slide and then fixed 
with PFA and blocked with 3% w/v BSA. Cells were then incubated with 
anti- 𝛽1	- integrin at 1:250 dilution for 1 hour. Cells were washed and 
primary antibody detected with Alexa 555 (anti-rabbit). Cells were 
counterstained with DAPI at 1:1000 dilution. Slides were imaged using an 
Echo Revolve Microscope. Alignment of specie’s specific protein target of 
commercial antibodies with zebrafish proteins are shown in Supplementary 
figures 44 and 45.  
 
 
Figure 38. 𝐀𝐥𝐭𝐞𝐫𝐧𝐚𝐭𝐢𝐯𝐞	𝐠𝐚𝐥𝐞𝐜𝐭𝐢𝐧	𝐫𝐞𝐜𝐞𝐩𝐭𝐨𝐫𝐬	𝐚𝐫𝐞	present on the EPC 
cell surface A. EPC cells were grown to ~95% confluence. Proteins on the 
cells surface were biotinylated using Pierce cell surface protein isolation kit. 
The cells were then lysed and surface proteins isolated using a NeutrAvidin 
column. Western blots using anti-CD147 and anti- 𝛽1	- integrin at 1:1000 
were used to detect the presence of the protein. B. EPC cells were then 
grown to 60-70% confluency on an 8-well chamber slide and then fixed 
with PFA and blocked with 3% w/v BSA. Cells were then incubated with 
anti- 𝛽1	- integrin at 1:250 dilution for 1 hour. Cells were washed and 
primary antibody detected with Alexa 555 (anti-rabbit). Cells were 
counterstained with DAPI at 1:1000 dilution. Slides were imaged using an 
Echo Revolve Microscope. Alignment of specie’s specific protein target of 
commercial antibodies with zebrafish proteins are shown in Supplementary 
figures 44 and 45.  
 
 
Figure 38. 𝐀𝐥𝐭𝐞𝐫𝐧𝐚𝐭𝐢𝐯𝐞	𝐠𝐚𝐥𝐞𝐜𝐭𝐢𝐧	𝐫𝐞𝐜𝐞𝐩𝐭𝐨𝐫𝐬	𝐚𝐫𝐞	present on the EPC 
cell surface A. EPC cells were grown to ~95% confluence. Proteins on the 
cells surface were biotinylated using Pierce cell surface protein isolation kit. 
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biotinylated plant lectins to confirm they 

were fully glycosylated with galectin 

ligands such as LacNAc (Figure 39). 

Glycotyping of β1-integrin (SB Catalog 

number: 10587-H08H1) was strongly 

recognized by MAA I and ECA 

indicating the presence of Gal1-

4GlcNAc, and by SNA, indicating 2-6 

sialyation. There was also a light band 

present for PNA and a faint band with MAA 

II indicating the presence of Gal1-3GalNAc 

and  2-3 sialyation, respectively.  

CD147/EMMPRIN (SB Catalog number: 

10186-H02H) yielded strong bands for MAA I, ECA and SNA. Faint bands were observed with 

PNA and MAA II (Figure 39).   

After confirming that the commercial proteins were fully glycosylated, we tested binding 

of the virus to β1-integrin and CD147 with fibronectin as a positive control to determine if IHNV 

attached to the individual purified proteins (Figure 40A). IHNV attached to β1-integrin in a 

concentration-dependent manner, although binding was about half that of the virus to fibronectin. 

IHNV attachment to CD147 was not distinguishable from that of BSA, the negative control 

(40A). Next, we tested attachment of IHNV that had been pre-incubated with increasing 

concentrations of Drgal9-L1 to either β1-integrin or CD147, in the presence of 100 mM sucrose 

or lactose. Drgal9-L1 significantly increased IHNV attachment to both β1-integrin (p<0.0005) 

Figure 39. Glycotype of commercial 𝜷1β1β1-
integrin and CD147 . Composite glycotyping 
blots of β1-integrin (CD29) and CD147/ 
EMMPRIN at 10 sec exposure with biotinylated 
plant lectins (MAA I, ECA, PNA, MAA II, and 
SNA) at 5 𝜇g/mL concentration 
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and CD147 (p<0.005) in a dose-dependent and 

carbohydrate-specific manner, as binding could be 

inhibited with lactose but not sucrose. Additionally, 

when both glycoproteins were treated with PNGase F to 

remove N-linked glycans there was a significant 

decrease in binding (p<0.0005) (Figure 40B and 40C).    

Inhibition of Drgal9-L1 mediated cross-linking of 

IHNV to cell surface by anti-β1-integrin and anti-

fibronectin antibodies 

While Drgal9-L1 significantly increased IHNV 

attachment to both CD147 and β1-integrin, we selected 

β1-integrin to explore further as both the virus and 

Drgal9-L1 bound to it. In chapter 4 we explored the role 

of fibronectin in Drgal9-L1 mediated increase in IHNV 

attachment to the cell surface and found that over 25% 

Figure 40. Drgal9-L1 mediated cross linking of IHNV to β1-integrin and CD147 is carbohydrate 
specific. A. An ELISA was performed to detect the binding of biotinylated IHNV at increasing 
concentrations to purified glycoproteins at 2.5 𝜇g/mL concentration. B. An ELISA was performed to 
detect the binding of biotinylated IHNV (7.5 𝜇g/mL) pre-incubated with increasing concentrations of 
Drgal9-L1 (0-10 𝜇g/mL) to 2.5 𝜇g/mL of β1-integrin or PNGase F treated β1-integrin (pβ1-integrin) 
immobilized on a 96-well microtiter plate. IHNV was incubated Drgal9-L1 in the presence of either 
PBS 1X, 100 mM lactose or 100 mM sucrose before being added to the plate. Protein binding was 
detected with HRP- conjugated streptavidin at (0.15 mg/mL concentration). C. An ELISA was 
performed to detect the binding of biotinylated IHNV (7.5 𝜇g/mL) pre-incubated with increasing 
concentrations of Drgal9-L1 (0-10 𝜇g/mL) to 2.5 𝜇g/mL of CD147 immobilized on a 96-well 
microtiter plate. IHNV was incubated Drgal9-L1 in the presence of either PBS 1X, 100 mM lactose 
or 100 mM sucrose before being added to the plate. Protein binding was detected with HRP- 
conjugated streptavidin at (0.15 mg/mL concentration). Average of triplicate data (+/-) standard error 
of the mean standard deviation is represented in bar graphs. Statistical analysis was run using unpaired 
T test  *p<0.005 and ***p<0.0005 of control vs lactose, *p<0.05 and ***p<0.0005 of β1-integrin vs 
pβ1-integrin, and ** p<0.005 and ***p<0.0005 of increasing concentrations vs control (0 𝜇g/mL).  
 
 
Figure 40. Drgal9-L1 mediated cross linking of IHNV to β1-integrin and CD147 is carbohydrate 
specific. A. An ELISA was performed to detect the binding of biotinylated IHNV at increasing 
concentrations to purified glycoproteins at 2.5 𝜇g/mL concentration. B. An ELISA was performed to 
detect the binding of biotinylated IHNV (7.5 𝜇g/mL) pre-incubated with increasing concentrations of 
Drgal9-L1 (0-10 𝜇g/mL) to 2.5 𝜇g/mL of β1-integrin or PNGase F treated β1-integrin (pβ1-integrin) 
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inhibition of crosslinking could be achieved with antibody dilutions on both the purified protein 

and the EPC cell surface (Chapter 4, Figure 34).  To test this hypothesis, we did a series of 

inhibition curves, starting with immobilized fibronectin followed by a monolayer of EPC cells.  

We repeated this experiment with β1-integrin and achieved 25% inhibition of Drgal9-L1 

mediated attachment of IHNV to immobilized β1-integrin (Figure 41B) and the EPC cell surface 

(Figure 41C) at 0.002257 µg/ml and 0.00157 µg/ml respectively. Inhibition of just IHNV on the 

purified protein alone was only 20% at 0.0022 µg/ml concentration (Figure 41A).  

In addition to β1-integrin alone, we also tested inhibition of Drgal9-L1 crosslinking of 

IHNV to EPC cells pre-incubated with increasing concentrations of anti-fibronectin and anti-β1-

integrin antibodies together (Figure 41D).  There was an increase in inhibition with the double 

antibody treatment as compared to single antibody treatment with either anti-fibronectin or anti-

β1-integrin antibodies alone.  A 25 % inhibition was achieved at 7.67 x 10-4 ug/mL for 

fibronectin, 1.5 x 10-3 ug/mL for β1-integrin, and 5.1 x 10-4 ug/mL with the double antibody 

treatment. At the highest antibody concentration, 2.4 x 10-3  µg/ml,  inhibition with anti-
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fibronectin alone was 35.42%, with anti-β1-integrin was 27.79%, and with the combined anti-

fibronectin plus anti-β1-integrin was 42.4% (41E).   

Figure 41.  Double antibody inhibition significantly decreases Drgal9-L1 mediated 
IHNV attachment to EPC cell surface compared to single antibody inhibition . A series 
of inhibition assays were performed using antibodies against β1-integrin and FN to inhibit 
Drgal9-L1 and Drgal9-L1 mediated crosslinking of IHNV to the EPC cell surface. A and B. 
β1-integrin at 2.5𝜇g/mL was immobilized on a 96-well microtiter plate and incubated with 
increasing concentrations of ant-fibronectin.  Either biotinylated Drgal9-L1 (5 𝜇g/mL) (A) or 
Biotinylated IHNV (7.5 𝜇g/mL)  that had been pre-incubated with Drgal9-L1 (5𝜇g/mL) for 1 
h  (B) was added to the plate.  C. A 96- well microtiter plate was seeded with EPC cells  (8-
10 x 104) and grown to 90% confluency before being blocked with 1% w/v BSA overnight.  
The plate was then incubated with increasing concentrations of anti- β1-integrin. Biotinylated 
IHNV (7.5 𝜇g/mL)  that had been pre-incubated with Drgal9-L1 (5𝜇g/mL) for 1 h, was added 
to the plate. D. A 96- well microtiter plate was seeded with EPC cells  (8-10 x 104) and grown 
to 90% confluency before being blocked with 1% BSA overnight.  The plate was then 
incubated with increasing concentrations of anti-fibronectin and anti- 𝛽1β1β1-integrin. 
Biotinylated IHNV (7.5 𝜇g/mL)  that had been pre-incubated with Drgal9-L1 (5𝜇g/mL) for 1 
h, was added to the plate All binding was detected with HRP- conjugated streptavidin at (0.15 
mg/mL concentration). E. Comparison of % inhibition at each antibody concentration for 
anti-fibronectin, anti- β1-integrin, and anti-fibronectin+ anti- β1-integrin. Average of 
triplicate data is represented. Percent inhibition was calculated as [((absorbance of binding 
without antibody- absorbance of binding with antibody)/absorbance of binding without 
antibody) x 100]. 
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To further explore the role of β1-integrin in Drgal9-L1 mediated attachment of IHNV we 

designed siRNA primers to specifically target β1-integrin on the EPC cell surface. We confirmed 

a significant 30% reduction of mRNA (p<0.05) after 120 h incubation (Figure 42A) as well as a 

35% reduction of protein present in the cell extracts (p<0.05) (Figure 42B). Next, we tested 

binding of IHNV alone and pre-incubated with Drgal9-L1 to the siRNA treated cells as 

compared to the untreated cells control (Figure 42C). While there was a decrease in binding at 
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higher concentrations of Drgal9-L1 (5 and 10 µg/ml) the change was not statistically significant 

(42C).  

Simultaneous siRNA knockdown of β1-integrin and fibronectin significantly inhibits 

Drgal9-L1-mediated crosslinking of IHNV 

We repeated this experiment with siRNA simultaneously targeting fibronectin as well as 

β1-integrin for a double knockdown of the two cell surface ligands at 120 h (Figure 43).  We first 

confirmed a significant reduction in mRNA through RT-PCR for fibronectin (p<0.05) and β1-

integrin (p<0.05) (Figure 43A). Using western blot analysis, we confirmed an average decrease 

Figure 42. siRNA knockdown of β1-integrin in EPC cells does not significantly inhibit 
Drgal9-L1 mediated crosslinking of IHNV. EPC cells were transfected with a mixture of 
siRNA duplex targeting fathead minnow (Pimephales promelas) β1-integrin (siRNA) or buffer 
only (ctrl). A. After 120 hours of incubation total RNA was extracted from the cells and subject 
to cDNA synthesis followed by qPCR in duplicate with β1-integrin and beta-actin specific 
primers. The fold change in expression of β1-integrin vs actin was calculated. B. After 120 hours 
of incubation the cells were trypsinized and run on an SDS PAGE gel. Coomassie Blue stained 
gel of control EPC and after 96 hours of siRNA. Western blot of 1:1000 anti- β1-integrin with 
1:1000 anti-tubulin control. C. Cells were replated in a 96 well plate and blocked with 3% w/v 
BSA. IHNV (7.5 𝜇g/mL) was pre-incubated with increasing concentrations of Dral9-L1 before 
being added to the plate. Binding of virus was detected with HRP-conjugated streptavidin at 0.15 
mg/mL concentration.  Bar graphs show average of duplicate and triplicated (ELISA) data (+/-) 
standard error of the mean. *p<0.05 of control vs siRNA treated cells 
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1:1000 anti-tubulin control. C. Cells were replated in a 96 well plate and blocked with 3% w/v 
BSA. IHNV (7.5 𝜇g/mL) was pre-incubated with increasing concentrations of Dral9-L1 before 
being added to the plate. Binding of virus was detected with HRP-conjugated streptavidin at 0.15 
mg/mL concentration.  Bar graphs show average of duplicate and triplicated (ELISA) data (+/-) 
standard error of the mean. *p<0.05 of control vs siRNA treated cells 
 
 
Figure 42. siRNA knockdown of β1-integrin in EPC cells does not significantly inhibit 
Drgal9-L1 mediated crosslinking of IHNV. EPC cells were transfected with a mixture of 
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in cell surface protein of 28% for fibronectin (p<0.05) and 39% for β1-integrin (p<0.05) across 

Figure 43. siRNA double knockdown of Fibronectin and β1-integrin in EPC cells 
significantly increases inhibition of Drgal9-L1 mediated crosslinking of IHNV compared to 
single knockdown. EPC cells were transfected with a mixture of siRNA duplex targeting fathead 
minnow fibronectin-1 (siRNA) and the siRNA duplex targeting fathead minnow 𝛽1β1β1-integrin 
(siRNA) or buffer only (ctrl). A. After 120 h of incubation total RNA was extracted from the cells 
and subject to cDNA synthesis followed by RT-PCR in duplicate with fibronectin,  β1-integrin 
and beta-actin specific primers. The fold change in expression of fibronectin vs actin and  β1-
integrin vs actin was calculated. B. After 120 hours of incubation the cells were trypsinized and 
protein lysates resolved  on an SDS PAGE gel. Coomassie Blue stained gel of control EPC and 
after 96 hours of siRNA. Western blots of 1:1000 fibronectin and 1:1000 anti-β1-integrin with 
1:1000 anti-tubulin control. C. Cells were replated in a 96 well plate and blocked with 3% BSA. 
IHNV (7.5 𝜇g/mL) was pre-incubated with increasing concentrations of Dral9-L1 before being 
added to the plate.  D. Comparison of % inhibition for each siRNA knockdown, fibronectin, β1-
integrin, and fibronectin+  β1-integrin. Binding of virus was detected with HRP-conjugated 
streptavidin at 0.15 mg/mL concentration.  Bar graphs show average of duplicate and triplicated 
(ELISA) data (+/-) standard error of the mean. Statistical analysis was done using an unpaired T-
test *p<0.05 and ***p<0.0005 of control vs siRNA treated cells 
 
 
Figure 43. siRNA double knockdown of Fibronectin and 𝜷𝟏β1β1-integrin in EPC cells 
significantly increases inhibition of Drgal9-L1 mediated crosslinking of IHNV compared to 
single knockdown. EPC cells were transfected with a mixture of siRNA duplex targeting fathead 
minnow fibronectin-1 (siRNA) and the siRNA duplex targeting fathead minnow 𝛽1β1β1-integrin 
(siRNA) or buffer only (ctrl). A. After 120 h of incubation total RNA was extracted from the cells 
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three trials (Figure 43B).  We used siRNA double knockdown cells in an ELISA to test binding 

of IHNV alone and pre-incubated with Drgal9-L1 (2.5-10 µg/ml) compared to the untreated cells 

control (Figure 43C). There was a significant decrease in Drgal9-L1 mediated cross linking at 5 

and 10 mg/ml compared to the untreated cells (p<0.05 and p<0.0005 respectively). The percent 

decrease in binding varied between Drgal9-L1 concentrations from 16.49%-38.86% but the 

highest inhibition occurred at 10 µg/ml with 38.86% (Figure 43D). We compared inhibition of 

Drgal9-L1 mediated cross linking between fibronectin alone, β1-integrin alone, and simultaneous 

fibronectin and β1-integrin, inhibition was greatest for the double knockdown at all 

concentrations except the virus alone where fibronectin alone had the highest inhibition (43D).  

 

Discussion 
 
 In this study we characterized alternative cell surface ligands to fibronectin for galectin 

mediated attachment of IHNV to the EPC cell surface. We first confirmed the presence of  β1-

integrin and CD147 on EPC cells through isolation and testing of cell surface proteins, and 

immunofluorescence microscopy. Next, we glycotyped commercially purified recombinant 

protein samples to determine if they were fully glycosylated. The presence of bands for both 

MAA I and ECA indicated that they contained Gal-4GlcNAc, a known galectin glycan, and 

could be used for further analysis.  CD147 and - integrin are known ligands for galectins, 

including the zebrafish galectin 9 (Drgal9-L1), which bound to both glycoprotein in a titration 

experiment in Chapter 3.   

Fibronectin is the only cell surface receptor for IHNV reported to date (168). In this study 

we tested binding of the virus to alternative cell galectin ligands and identified a new potential 

receptor for the virus, β1-integrin and CD147. While binding to β1-integrin was about a third of 
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that to fibronectin, binding of the virus was both dose dependent and carbohydrate dependent. 

β1-integrin facilitates viral infection in ebola (169), reovirus (170), vaccinia (162) swine fever 

virus (171), and rabies virus (171). In addition to viral binding alone, Drgal9-L1 crosslinked 

IHNV to immobilized β1-integrin in a carbohydrate specific manner.  While the virus did not 

bind to CD147, Drgal9-L1 was still able to strongly crosslink the virus to immobilized CD147 in 

a carbohydrate-specific manner. Viruses often have multiple attachment factors and receptors 

during adhesion to the cell surface (172)(40, 41, 173). β1-integrin and CD147 through galectin 

mediated attachment of IHNV are both potential de novo receptors for IHNV on the EPC cell 

surface.   

We further explored Drgal9-L1 mediated binding of IHNV to β1-integrin through 

antibody inhibition and siRNA knockdown experiments. Inhibition and knockdown of β1-

integrin alone did decrease Drgal9-L1 cross-linking but to a lesser extent than what we observed 

with fibronectin in Chapter 4. It is possible that this observation is due to which  glycans are 

blocked when the antibody binds to β1-integrin compared to fibronectin. Since the antibodies are 

expected to mostly target the protein core of the glycoprotein, galectin access to key glycans 

maybe variably hindered by the anti-fibronectin and the anti-β1-integrin antibodies. Additionally, 

the siRNA knockdown of cell surface β1-integrin was only 39% compared to 67% for 

fibronectin. The remaining β1-integrin on the surface of the siRNA-treated cells could account 

for the observed Drgal9-L1 crosslinking of IHNV. Further optimization of incubation time and 

siRNA concentration could result in a more effective knockdown.  

 The simultaneous double antibody inhibition and siRNA knockdown for both fibronectin 

and β1-integrin resulted in a greater decrease in Drgal9-L1 cross-linking of IHNV than either 

fibronectin or β1-integrin alone. Although the knockdown of cell surface fibronectin was not as 
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effective as in the single siRNA treatment (27%), the knockdown of β1-integrin was comparable 

to the single siRNA treatment (39%). Shaui et al (2020) showed that rabies virus (RABV) 

interacts with β1-integrin during viral attachment and that siRNA knockdown could significantly 

decrease RABV infection.  Fibronectin interacts with β1-integrin through the RGD motif and 

binding of fibronectin to β1-integrin can be inhibited by the RGD peptide (40, 41). Shaui et al 

(2020) demonstrated that RABV infection could be blocked with the RGD peptide which suggest 

that fibronectin is involved.  This interaction between β1-integrin and fibronectin could 

contribute to Drgal9-L1 mediated IHNV attachment. Fibronectin is the primary receptor for 

IHNV and β1-integrin was identified here as a potential de novo receptor.  Knockdown of β1-

integrin could inhibit IHNV attachment to fibronectin as well as inhibit Drgal9-L1 mediated 

attachment of IHNV to both fibronectin and β1-integrin. Double silencing of fibronectin and β1-

integrin could increase this effect was observed. Additional research exploring CD147 inhibition 

and knockdown alone and simultaneously with fibronectin and β1-integrin could provide further 

insight into Drgal9 mediated attachment of IHNV to alternative receptors on the EPC cell surface 

as well.  
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Supplementary Figures  

 

 

 

Figure 44 (supplementary).  β1-integrin amino acid sequence alignment. 
Sequences for human (AAH20057.1), rabbit (XP_008272963.1), and zebrafish 
(ADR79324.1).   
 
 
Supplementary Figure 44. β1-integrin amino acid sequence alignment in human 
(AAH20057.1) , rabbit (XP_008272963.1) , and zebrafish (ADR79324.1).   
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Figure 45 (supplementary). CD147 amino acid sequence alignment. Sequences in 
human (BAC76828.1), rabbit (ACD12686.1) , and zebrafish (XP_009294503.1) 
 
 
Supplementary Figure 45. CD147 amino acid sequence alignment in human 
(BAC76828.1), rabbit (ACD12686.1) , and zebrafish (XP_009294503.1) 
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Chapter 6: Role of zebrafish epidermal mucus on the Drgal9-L1 mediated 
IHNV attachment to the fish epithelial cell surface  
 
Introduction 

 
In teleost fish epidermal mucus layers are continuously shed and replaced, often acting as 

the first line of defense against microorganisms that attempt to colonize the host epidermal 

surfaces (42, 44, 60). The mucus layer provides defense through both physical and chemical 

barriers. Polymeric mucins form the mechanical filter via a viscous matrix, whereby the mucus 

can trap viruses, preventing them from adhering to the epithelial surface. The presence of innate 

immune system proteins in the mucus provides biochemical protection as well. Epidermal mucus 

has been found to have antimicrobial activities against gram-negative and gram-positive bacterial 

fish pathogens through the presence of lysozyme, complement proteins, immunoglobulins, 

antibacterial proteins, and peptides, as well as lectins (174).  A range of lectins have been found 

in teleost mucus where they function in pathogen defense, from unique pufflectins, to R-type 

lectins, mannose binding lectins (MBL), C-type lectins, fructose binding lectins, as well as 

galectins in different forms (174, 175).  

The composition of the mucus layer can determine properties such as adhesiveness, 

viscoelasticity, transport capabilities and its ability to provide protection(175). Mucus is 

composed primarily of water, salts, and glycoproteins.  Polymeric mucins, long thread like 

polymers secreted by goblet cells that are densely O-glycosylated, are one of the main gel-

forming components of the mucus (40). In zebrafish, Muc5.1 and Muc5.2 are known 

polymerizing mucins expressed in the skin, gills, and pharynx/ esophagus that contribute to the 

adhesive and thickness properties of the mucus gel (40). These mucins form a mechanical barrier 

that acts as a filter for pathogens, preventing them from reaching the underlying surface.  
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Fish mucus composition and secretion rates can be impacted by factors such as water pH (39, 

41, 173), salt concentration (176), secreted proteins (39, 40), glycan expression (177), microbial 

exposure (39, 40), and fish density and stress levels (4, 7, 178). In turn, these changes in mucus 

composition can impact pathogen attachment rates (19).  

Rhabdoviruses, such as rabies and IHNV, are known to interact with and potentially replicate 

in the mucosal tissue. LaPatra et al. (1989) determined that the highest levels of IHN virus in 

infected fish were detected in the mucus compared to the surrounding water and other tissues 

(spleen, gills, and reproductive tissues). The mucus was hypothesized to be the source of viral 

transmission between fish within the infected tanks.  Despite considerable evidence of mucus 

being a source of viral transmission (21) most of the viral attachment and infection studies have 

focused solely on the epithelial cell surface. In Chapter 2 we hypothesized that under normal 

conditions galectins were trapping IHNV in the epidermal mucus layer where the virus was 

sloughed off before reaching the cell surface and only under stressful conditions that impacted 

mucus composition or secretion, could the virus attach to the epithelial cell surface.  To generate 

a realistic in vitro model of galectin mediated IHNV attachment, we examined the presence of 

galectins in the mucosal layer and the role they play during viral attachment and infection.  

 

Materials and Methods 
 
Reagents 

MS222, chloramphenicol, kanamycin, and ß-mercaptoethanol (BME),  EZ-Link™Sulfo-NHS-

SS-Biotin kit, Protein A-Sepharose, anti-fibronectin and anti-CD147 were purchased from 

Sigma-Aldrich (St. Louis, MO).  HRP conjugated streptavidin was purchased from Pierce 

(Rockford, IL).  Cell culture media HBSS CaMg and L-15 Leibovitz were purchased from Gibco 
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(Gaithersburg, MD). 1 X protease inhibitor cocktail set 1 was purchased from Calbiochem (San 

Diego, CA).  TMB substrate was ordered from SeraCare (Gaithersburg, MD). Anti-β1-integrin 

was purchased from GenTex (Irvine, CA) Western Lightening Plus-ECL reagent. 8-chamber 

slides were purchased from Lab-Tek II (Santa Cruz, CA).  

 

Cell culture, zebrafish husbandry and use, expression and purification of recombinant galectins, 

IHNV purification, and antibody purification: These protocols were carried out as described in 

previous chapters (Chapter 3, 4, and 5 Materials and Methods sections).  

  

Zebrafish mucus and tissue collection:  

Adult WT zebrafish (30-40 fish, 0.45-0.65 g) were euthanized with MS-222 (Sigma Aldrich) in 

de-chlorinated tap water at a lethal concentration according to the protocol provided by the 

manufacturer. The fish were then placed in a petri dish sitting on ice. Mucus was removed from 

the dorsal and lateral surfaces of the fish by gently pressing a scapple in a downward motion 

across the scales forward and back.  Care was taken to not break the skin to avoid blood 

contamination of  the mucus sample. Mucus was collected from the dish and placed in a 

microcentrifuge tube. Mucus from 5-10 fish were pooled to form 200-500 µl of mucus with an 

average concentration of 5-8 mg/mL, or 1-2mg/mL mucus per fish. Mucus was diluted in 50% 

volume of PBS 1X with protease inhibitor cocktail set I (EMD Millipore Corp). Samples were 

vortexed vigorously for 3 x 30 second intervals and then stored at -20o C for up to one month.  

 

After the mucus was removed, the fish were then dissected to collect tissue samples of their skin, 

gills, and gut. Each tissue sample was stored in a separate tube and diluted with equal W/V of 
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PBS1X with protease inhibitors cocktail set I (EMD Millipore Corp). Tissue samples were 

frozen at -80o C and then crushed using a mortar in an equal w/v of PBS 1X followed by 

vortexing. The sample was then centrifuged at 10,000 rpm in a MicroFuge 18 Centrifuge 

(Beckman Coulter) for 5 min and supernatant were transferred to a new tube. This was stored at -

20o C for later use.   

 

Separation and analysis of zebrafish mucus and tissue extracts by PAGE and western blot:  

 Samples of 10 µg of zebrafish mucus and zebrafish tissue samples at a concentration of 5-10 

µg/ml were run on a 4-15% gradient SDS-PAGE gel (SMOBIO) and transferred to a PDFV 

membrane. The membranes were blocked overnight with 3% w/v BSA at RT.  Subsequently, 

membranes were incubated with antibodies for galectins and known galectin ligands (Table 10) 

using purified recombinant proteins as a control. Binding of antibodies was detected using HRP 

conjugated anti-rabbit (Invitrogen) at 1:2000.  

 

Binding of Drgal9-L1 to the mucus was done by overlaying the membrane with 5 µg/ml of 

biotinylated Drgal9-L1. Binding was detected using HRP conjugated streptavidin (Pierce) at a 

1:1000 dilution. All membranes were developed using Western Lightening Plus-ECL reagent 

(PerkinElmer) followed by exposure to a fluorescence imager 
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Table 10. Antibodies used on mucus detection  

Antibody Source Supplier  

Fibronectin Human Sigma 
Aldrich 

β1-integrin Human GeneTex 

CD147 Human Invitrogen 

Drgal1 Zebrafish ProteinTech 
group Inc. 

Drgal3 Zebrafish ProteinTech 
group Inc. 

Drgal9 Zebrafish ProteinTech 
group Inc. 

 

Detection of binding activity of galectins in mucus:  

Each well of a 96-well microtiter plate coated with 150 µl of asialofetuin (ASF) at 5 µg/ml 

concentration and left for 2 hrs at 37oC. The plate was blocked with 3% w/v BSA overnight at 

4oC.  The plate was then incubated with Drgal9-L1 10 µg/ml  (control) or increasing 

concentrations of zebrafish mucus that had been incubated with either PBS 1X or 100 mM 

lactose for 1 h at RT. The plate was subsequently washed in PBS 1x and fixed with 4% v/v 

paraformaldehyde (PFA). Binding of galectin 9 was detected with anti-galectin 9 at 1:1000 

followed by HRP conjugated anti-rabbit at 1:2000. The plate was developed using TMB 

substrate and the reaction was stopped by adding 1M HCl. Absorbance values were read at 450 

nm.  

 

Glycotyping of epidermal mucus: 
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 Samples of 10 µg of zebrafish mucus were resolved on 4-15% gradient gels (SMOBIO).  The 

samples were denatured for 5 min at 95o C and then spun down for 1 min at 10,000 RPM in a 

MicroFuge 18 Centrifuge (Beckman Coulter).  All gels were run @ 90-110 volts for ~1-2 h until 

the dye line move below the green cassette line. The SDS-PAGE gels were transferred to PVDF 

membrane at 55 volts for 2.5 h. The membranes were then blocked with ~10 mL of 3% w/v BSA 

overnight with shaking. The BSA was then removed, and biotinylated plant lectins were added at 

varying concentrations from 1- 5 µg/ml (Table 11). The lectins incubated for 1.5 h at RT with 

shaking. The blot was then washed 5 times for 5 min each time in 10 mL of PBST. The blots 

were then incubated in 10mL of streptavidin-HRP (1.8 µl per 10 mL PBS) for 45 min at RT with 

shaking. The blots were then washed 5 times for 5 min each time in 10 mL of PBST. All 

membranes were developed using Western Lightening Plus-ECL reagent (PerkinElmer) followed 

by exposure to a fluorescence imager 

Table 11. Biotinylated plant lectins used for glycotyping  

Lectin Sugar 
Specificity 

Concentration 

ConA ⍺Man, ⍺Glc 1 µg/mL 

SBA ⍺>βGalNAc 2.5 µg/mL 

RCA Gal 1 µg/mL 

PNA Galβ3GalNAc 5 µg/mL 

DBA ⍺GalNAc 2.5 µg/mL 

MAA I Galβ4GlcNAc 5 µg/mL 

UEA ⍺Fuc 2.5 µg/mL 

LE (GlcNAc)2-4 2.5 µg/mL 
 

Binding to zebrafish mucus: 
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 Each well of a 96-well microtiter plate was coated with 100 µl of 100 µg/ml of zebrafish mucus 

left for 2 h at 37oC. The plate was blocked with 3% BSA overnight at 4oC.  The plate was then 

incubated with either increasing concentrations of biotinylated Drgal9-L1, biotinylated IHNV, or 

biotinylated IHNV at 10 µg/ml that had been pre-incubated with increasing concentrations 

Drgal9-L1 in the presence of PBS 1X or 100 mM lactose for 1 h at RT. Binding was directly 

detected with HRP conjugated streptavidin (Pierce) at a 1:1000 dilution. The plate was 

developed using TMB substrate and the reaction was stopped by adding 1M HCl. Absorbance 

values were read at 450 nm.  

 

Enzyme linked immunosorbent assay (ELISA) for testing Drgal9-L1 binding to mucus coated 

ASF:  

 Each well of a 96-well microtiter plate coated with 150 µl of asialofetuin (ASF) at 5 µg/ml 

concentration and incubated for 2 h at 37oC. The plate was blocked with 3% w/v BSA overnight 

at 4oC.  Subsequently, the plate was then incubated with either PBS1X or 100 µl of 100 µg/ml 

zebrafish mucus for 30 min at RT. To the plate was added increasing concentrations of 

biotinylated Drgal9-L1 that had been pre-incubated with either PBS 1X or 100 mM lactose for 1 

h at RT.  Binding was directly detected with HRP conjugated streptavidin (Pierce) at a 1:1000 

dilution. The plate was developed using TMB substrate and the reaction was stopped by adding 

1M HCl. Absorbance values were read at 450 nm.  

 

ELISA for testing binding to mucus coated  EPC:  

 Each well of a 96-well microtiter plate was seeded with 5 x 104 EPC cells and incubated 

overnight. The plate was blocked with 3% w/v BSA in HBSS CaMg (Gibco) for 1 h at RT.  The 
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cells were then incubated with either 100 µl of either HBSS CaMg (Gibco), 100 mg/ml of 

zebrafish mucus, or increasing concentrations of zebrafish mucus for 30 min at RT. To each well 

was then added either increasing concentrations of biotinylated Drgal9-L1, biotinylated IHNV, 

or biotinylated IHNV (10 µg/ml) that had been pre-incubated with Drgal9-L1 in the presence of 

PBS1X or 100 mM lactose. Galectin and viral binding to EPC cells was directly detected with 

HRP conjugated streptavidin (Pierce) at a 1:1000 dilution. The plate was developed using TMB 

substrate (SeraCare) and the reaction was stopped by adding 1M HCl. Absorbance values were 

read at 450 nm.  For assays with increasing concentration of mucus percent inhibition was 

calculated as [((absorbance of binding without mucus- absorbance of binding with 

mucus)/absorbance of binding without mucus) x100].  

 

Plaque assay to test the effect of mucus concentration and volume on protecting EPC cells from 

IHNV infection   

Monolayers of EPC cells grown in 24-well flat-bottom plates to 90% confluency were incubated 

for 1 h at 28o C with either 500 µl of increasing protein concentrations of mucus or  mM of 

lactose or a 100 µg/ml protein concentration of mucus or 100 mM concentration lactose at 

increasing volume. After incubation 200 PFU of recombinant IHNV was added directly to the 

plate and left to incubate for 1 h at 160 C.  Alternatively, near confluent EPC cells were 

incubated with 500 µl of 100 µg/ml of mucus for 1 h at 28o C. Following incubation 200 PFU of 

IHNV that had be pre-incubated with increasing concentrations of Drgal9-L1 was added directly 

to the plate and left to incubate for 1 h at 16o C.  In both experiments, following incubation the 

cells washed three times with HBSS CaMg (Gibco) to remove any unbound virus and infections 

proceed for 5-7 days under 0.75% v/v methyl cellulose overlay at 16o C. Cells were fixed and 
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stained with a 1% w/v crystal violet solution.  Acetic acid was used to dissolve stain for transfer 

of 200 µl into 96 well plate where absorbance was measured at 590 nm.  

 

Results 
 
Zebrafish Drgal9 is present and active in the epidermal mucus  

Mucus is the first line of defense against pathogen infection but most IHNV infection 

models do not account for role of mucus in the virus-host interaction. First, based on our 

hypothesis, the previous work done in our lab (4, 7, 178), and our collaborator’s data (42, 44), 

and the work described in chapters 2-5, we developed a model for the potential role of mucus in 

the attachment of the IHNV virions to the fish epithelial cells (Figure 46). Our initial work 

demonstrated that Drgal1-L2 and Drgal-L3 recognized the IHNV envelope glycoprotein, bound 

to the viral peplomers, and hindered IHNV attachment to the host cell surface. In contrast, the 

tandem-repeat Drgal9-L1 cross-linked the virus to the host cell surface or epidermal mucus 

(Figure 46A). We hypothesize that under normal conditions the actual role of Drgal9-L1 is to 

cross link IHNV to the epithelial mucus where it is sloughed off before reaching the epithelial 

cells. Under stressful conditions, however, when the mucus abundance or  
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composition changes, or when the integrity of the mucus film is breached, is IHNV able to 

access the epithelial cell surface (Figure 46B).  

Zebrafish Drgal9 is present in a variety of tissues, some of which have been identified as 

IHNV entry ports. Among these, using western blot analysis we detected the presence of Drgal9 

in zebrafish skin, gills, and epidermal mucus (Figure 47A). To determine if the Drgal9 present in 

the mucus was active (i.e. could bind glycans) we coated a plate with ASF and incubated with 

increasing concentrations of mucus. Once the plate was washed any bound mucus galectin was 

detected using anti-galectin9. The epidermal mucus contained active Drgal9 that bound to the 

Figure 46. Overview of zebrafish galectin modulation of IHNV attachment to the 
epithelial cell surface and epithelial mucus. A. Zebrafish galectin mediated attachment of 
IHNV to EPC cell surface and epidermal mucus. Galectin 1 and 3 inhibit attachment by binding 
to glycans on either viral or host cell while Galectin 9 cross links the virus to the cell or mucosal 
surface. B. Epidermal mucus composition can impact viral attachment.  Normal conditions 
allow for galectin 9 to cross link the virus to the mucus but changes in composition can enable 
the virus to access the cell surface.  
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plate and the binding 

could be inhibited 

with the presence of 

lactose during mucus 

incubation (Figure 

47B).  

Once we 

confirmed the 

presence of 

active galectin 

9 in the mucus 

we wanted to determine if it 

bound to mucus glycans. For 

this, a 96-well plated was coated 

with 100 µg/ml of zebrafish 

mucus and incubated with 

increasing concentrations of 

biotinylated Drgal9-L1, that in 

the control had been pre-mixed 

with 50 mM lactose.  Drgal9-L1 

actively bound to the mucus in a 

dose-dependent manner and the 

binding could be significantly 

Figure 47. Drgal9-L1 is present and active in zebrafish mucus. A. 
Western blots of zebrafish muscle, skin, gills and mucus showed the presence 
of galectins 1,3, and 9.  B. A capture ELISA was used to detect active 
galectin-9 in the zebrafish mucus. A 96-well plate was coated with 5 𝜇g/mL 
of ASF. Increasing concentrations of zebrafish mucus were added to the plate 
with and without incubation with 50 mm lactose. Drgal1, 3, and 9 binding 
was detected with a biotinylated antibodies for Drgal1, 3, and 9 respectively  
followed by HRP conjugated streptavidin. Average of triplicate data (+/-) 
standard error of the mean is represented. ***p<0.0005 of control vs lactose 
groups. 
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Figure 47. Drgal9-L1 is present and active in zebrafish mucus. A. 
Western blots of zebrafish muscle, skin, gills and mucus showed the presence 
of galectins 1,3, and 9.  B. A capture ELISA was used to detect active 
galectin-9 in the zebrafish mucus. A 96-well plate was coated with 5 𝜇g/mL 
of ASF. Increasing concentrations of zebrafish mucus were added to the plate 

Figure 48. Drgal9-L1 binding to zebrafish mucus is  
carbohydrate dependent.  A. An ELISA was performed to 
detect the binding of  increasing concentrations of 
biotinylated Drgal9-L1 (5-30 𝜇g/mL)  to zebrafish mucus  
with and without lactose. Binding was detected with HRP- 
conjugated streptavidin at (0.15 mg/mL concentration). 
Average of triplicate data (+/-) standard error of the mean is 
represented. ***p<0.0005 of control vs lactose groups. B. A 
sample of 10 µg of zebrafish mucus was run on an SDS-
PAGE gel and then overlaid with 5 𝜇g/mL of biotinylated 
Drgal9-L1. The major bands are labeled at 130kDa, 70 kDa, 
52 kDa, and 45 kDa. The blot was developed using 
chemiluminescence at 10 second exposure.  
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inhibited with lactose (p<0.0005) (Figure 48A). To identify the mucus glycans recognized by 

Drgal9-L1, zebrafish mucus was separated by PAGE and transferred to a PVDF membrane, 

which was overlaid with Drgal9-L1 (5 µg/ml). Drgal9-L1 bound to selected mucus glycans with 

electrophoretic mobilities corresponding to 130 kDa, 70 kDa, 52 kDa, and 45 kDa (Figure 48B).   

Drgal9-L1 binds to galectin ligands present in the epidermal mucus  

 Mucus is a heavily glycosylated matrix that contains a wide range of glycoproteins. To 

determine what glycans were present that could be potential galectin binders we glycotyped the 

zebrafish epidermal mucus. Samples of 10 µg of mucus were run on an SDS-PAGE gel and 

transferred to a PVDF membrane where they were overlayed with biotinylated plant lectins. The 

binding profile of each lectin is shown (Figure 49). The zebrafish epidermal mucus contains a 

wide range of glycans, including known galectin binder, Galβ4GlcNAc as identified by MAA I 

(lane 6) (Figure 49).   

 The presence of these glycans in the mucus led us to ask if known galectin ligands that 

contain these glycans are present in the mucus. Previous work identified that Drgal9-L1 bound to 

Figure 49. Glycotype of zebrafish epidermal mucus. Biotinylated plant lectins, 
Concanavalin A (ConA) , Soybean (SBA), Ricin communis I (RCA),  Peanut (PNA), 
Dolichols biflorus (DBA) , Maackia amurenis I (MAA) , Ulex europaeus I (UEA) , and 
Lycopersicon esculentum (LE) at 1 𝜇g/mL-5𝜇g/mL concentrations were used to identify 
glycans present in 10 ug of zebrafish epithelial mucus run on an SDS-PAGE gel.  Western 
blots were developed using chemiluminescence at 1 second exposure.   
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glycoproteins fibronectin, CD147 and β1-integrin (Chapter 4 and Chapter 5).  To determine if 

these glycoproteins were also secreted into the mucosal matrix, we used western blot analysis to 

detect the presence of these glycoproteins and found that several mucus components that were 

recognized by the anti-fibronectin, anti-CD147 and anti-β1-integrin antibodies were present 

(Figure 50).  

 Since Drgal9-L1 binds to several mucus glycosylated components of the zebrafish 

epidermal mucus, we investigated if these components could inhibit binding of Drgal9-L1 to 

ASF, a strong galectin ligand. To test this, Drgal9-L1 that was pre-incubated with 100 µg/ml of 

mucus was added to a plate coated in ASF. Compared to Drgal9-L1 alone, the presence of mucus 

significantly inhibited Drgal9-L1 binding to the plate (p<0.0005) (Figure 51). In subsequent 

experiments, 100 µg/ml 

of mucus was incubated 

on the ASF-coated wells 

for 30 min before Drgal9-

L1 was added. This also 

significantly inhibited 

Drgal9-L1 binding to the 

plate compared to ASF 

alone (p<0.0005) (Figure 

51).  

 

 

 

Figure 50. Galectin ligands are present in zebrafish epidermal 
mucus.  Samples of 10 ug of zebrafish mucus were run on a 4-15% 
gradient gel and transferred to a PVDF membrane. Western blots 
using antibodies against known galectin ligands such as fibronectin, 
Muc-1, CD-147, and β1- integrin were used to detect the proteins 
presence. Blots were developed using chemiluminescence at 10 
second exposure.  
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mucus.  Samples of 10 ug of zebrafish mucus were run on a 4-15% 
gradient gel and transferred to a PVDF membrane. Western blots 
using antibodies against known galectin ligands such as fibronectin, 
Muc-1, CD-147, and β1- integrin were used to detect the proteins 
presence. Blots were developed using chemiluminescence at 10 
second exposure.  
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Drgal9-L1 crosslinks IHNV to epidermal 

mucus glycans  

 Multiple glycan components of the 

zebrafish epidermal mucus are recognized by 

Drgal9-L1. Furthermore, mucus components 

that are cross-reactive with antibodies against 

cell surface glycan receptors for IHNV, 

fibronectin, β1-integrin, and CD147 are 

present in the epidermal mucus. This 

observation led us to test if IHNV also 

bound to the mucus and if this potential 

interaction could be modulated by Drgal9-

L1, also present in epidermal mucus. First, we tested the attachment of IHNV to immobilized 

mucus. For this, increasing concentrations of the virus were added to a plated coated in 100 

mg/ml of mucus. The virus bound in a dose-dependent and carbohydrate-dependent manner as it 

could be significantly inhibited with the presence of lactose (p<0.005) (Figure 52A).  We 

previously demonstrated that Drgal9-L1 could crosslink IHNV to its receptor, fibronectin and an 

alternative receptor, β1-integrin on the EPC cell surface (Chapter 4 and 5). To investigate if the 

same was true for mucus, we coated a plate with 100 µg/ml of mucus and tested the attachment 

of a selected concentration of IHNV that was pre-incubated with increasing concentrations of 

Drgal9-L1. An increase in Drgal9-L1 resulted in an increase in IHNV attachment to the mucus. 

This interaction could be significantly inhibited with 100 mM lactose (p<0.0005) (Figure 52B).  

Figure 51. Zebrafish mucus inhibits Drgal9-L1 
binding to asialofetuin (ASF). An ELISA was used 
to test increasing concentrations of biotinylated 
Drgal9-L1 (5-30 𝜇g/mL ) binding to ASF (5𝜇g/mL) 
after either Drgal9-L1 or ASF had been incubated 
with zebrafish mucus (100𝜇g/mL). Binding was 
detected with HRP- conjugated streptavidin at (0.15 
mg/mL concentration). Average of triplicate data (+/-
) standard error of the mean is represented. Multiple 
T-test analysis was used ***p<0.0005 of control vs 
lactose groups and control vs mucus incubation 
groups.  
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Mucus is the first line of defense against pathogen infection. Based on observations that 

both Drgal9-L1 and IHNV bound to the mucus and that Drgal9-L1 could cross-link the virus to 

the mucus we hypothesized that if the EPC cells were coated in mucus the virus and or virus pre-

incubated with Drgal9-L1 would bind to the mucus rather than the cell surface thus protecting 

the cells from viral attachment. IHNV was added at increasing concentrations to a plate of EPC 

cells that had been coated in either 100 mM lactose or 100 µg/ml mucus. IHNV attachment could 

be significantly inhibited by mucus (p<0.05) as effectively as by the lactose control (Figure 

53A).  

Figure 52. Pre- incubation of IHNV with increasing concentrations of Drgal9-L1 
increases viral adhesion to zebrafish mucus. A . An ELISA was performed to detect 
the binding of of purified biotinylated IHNV to zebrafish mucus. Mucus (100 𝜇g/mL) 
and BSA (5 𝜇g/mL)  were immobilized on a 96-well microtiter plate. Increasing 
concentrations (0-100 𝜇g/mL) of biotinylated purified IHNV that had been incubated 
with and without 100 mM lactose were added for 1 hour.  B.  This ELISA was repeated 
with 10 𝜇g/mL of biotinylated IHNV that had been pre-   incubated with increasing 
concentrations of Drgal9 (0-15 𝜇g/mL) with and without 100 mM lactose for 1 hour 
before being added to zebrafish mucus. All binding was detected with HRP- conjugated 
streptavidin at (0.15 mg/mL concentration). Average of triplicate data (+/-) standard 
error of the mean standard deviation is represented. Multiple T-test analysis was used. 
*p<0.05 , **p<.005, and ***p<0.0005 of control vs lactose and BSA groups, **p<0.005 
15 𝜇g/mL concentration Drgal9 vs control 0 𝜇g/mL.   
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Mucus composition, including concentration can impact pathogen infection. To 

determine if the concentration of mucus would affect Drgal9-L1 mediated cross linking of IHV 

we added increasing concentrations of mucus to the EPC cells. IHNV was then pre-incubated 

with Drgal9-L1 at a fixed concentration and then added to the plate where we observed a dose-

dependent increase in binding inhibition. The 50% binding inhibition was achieved at 150 µg/ml 

concentration of mucus (Figure 53B).  

The finding that IHNV attachment could be inhibited with increasing concentrations of 

mucus led us to test if mucus could also impact IHNV infection. We tested both concentration 

and volume of mucus as compared to the lactose control (Figure 54). Increasing concentrations 

of mucus and lactose significantly decreased plaque formation (p<0.0005) (Figure 54A). 

Figure 53.  Zebrafish mucus inhibits Drgal9-L1 mediated IHNV attachment to EPC cells. 
EPC cells were grown to 90% confluency in a 96 well plate and blocked overnight with 3% 
BSA. A. The cells were incubated with increasing concentrations of biotinylated IHNV (0-50 
𝜇g/mL) that had been incubated with either HBSS CaMg, 100 mM lactose or 100 𝜇g/mL mucus 
were added to the plate. B. The cells were incubated with increasing concentrations of mucus 
(0-200 𝜇g/mL) for 1 hour before adding IHNV (7.5 𝜇g/mL) that had been pre-incubated with 
Drgal9-L1 (5 𝜇g/mL). Binding was detected with HRP- conjugated streptavidin at (0.15 mg/mL 
concentration). Average of triplicate data (+/-) standard error of the mean standard deviation is 
represented in bar graph. *p<0.05 and **p<0.005  of control vs mucus or lactose groups. 
Percent inhibition was calculated as [((absorbance of binding without mucus- absorbance of 
binding with mucus)/absorbance of binding without mucus) x 100].  
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Selecting a mucus concentration of 100 µg/ml and increasing the volume also resulted in a 

significant decrease in plaque formation (p<0.005) (Figure 54B).  Not only mucus was able to 

inhibit infection of IHNV alone but increasing concentrations of mucus could significantly 

inhibit (p<0.005 and p<0.0005) plaque formation by IHNV that had been pre-incubated with 

Drgal9-L1 comparable to that of 100 mM lactose (Figure 55).  

 

 

Figure 54. Zebrafish epidermal mucus protects EPC cells from IHNV infection in dose 
dependent and volume dependent manner. Confluent monolayers of EPC cells grown in 24-
well flat-bottom plates were pre-incubated with increasing concentrations of mucus (0-250 
𝜇g/mL) or lactose (0-250 mM) (A) or at 100 𝜇g/mL (mucus) or 100 mM (lactose) concentration 
at increasing volumes (0-2000 µl) (B)  for 1 hr at 280 C. IHNV at 200 PFU was added and left 
to incubate for 1hr at 170 C. After the initial inoculums were removed, infections proceed for 5-
7 days under 0.75% w/v methyl cellulose overlay. Cells were fixed and stained with a 1% w/v 
crystal violet solution. Bar graphs show average of triplicate data +/- SEM. Statistical analysis 
was done using unpaired T test. Significance is shown **p< 0.005, and ***p<0.0005  
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Discussion 
 

In this study we examined the role of galectins and glycans present in zebrafish epidermal 

mucus in IHNV attachment and entry. The teleost outer epithelial layer (i.e. the scales) of the 

skin differs from mammals in that they contain mucosal epithelial cells (e.g. goblet, sacciform) 

that secrete mucus, a viscous fluid that forms a film that constitutes the interphase between the 

skin and the external environment. Rhabdoviruses, such as rabies and IHNV, have been detected 

in the mucosal tissue layers (19, 21). Various lectins, including galectins, have also been 

identified in teleost mucus (7, 178).  

We first established a model of infection based on the previous studies done on zebrafish 

galectins and IHNV infection (174). The majority of IHNV infection models do not account for 

mucus but rather focus solely on the cell surface receptors. We proposed that under normal 

conditions mucus galectins either inhibited IHNV attachment to mucus glycans or in the case of 

galectin 9 crosslink them to the mucus glycans where they were then sloughed off before 

Figure 55. Zebrafish epidermal mucus protects EPC cells from Drgal9-L1 mediated 
increase of IHNV infection in concentration dependent manner. Confluent monolayers of 
EPC cells grown in 24-well flat-bottom plates were pre-incubated with increasing concentrations 
of mucus (0-250 𝜇g/mL) or lactose (0-250 mM) for 1 hr at 280 C. IHNV at 200 PFU or IHNV 
that have been pre-incubated with 10 𝜇g/mL Drgal9-L1 was added and left to incubate for 1hr at 
170 C. After the initial inoculums were removed, infections proceed for 5-7 days under 0.75% 
v/v methyl cellulose overlay. Cells were fixed and stained with a 1% w/v crystal violet solution. 
Bar graphs show average of triplicate data +/- SEM. Unpaired T-test analysis was used. 
Significance is shown **p< 0.005, and ***p<0.0005 of  control (no mucus or lactose) vs 
increasing concentration. 
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reaching the cell surface receptors. Fish mucus composition and secretion rates can be impacted 

by a variety of factors, as discussed above.  Under conditions that change the mucus composition 

or integrity of the mucus film, the virus can now access the cell surface and attachment may 

occur, particularly enhanced by crosslinking of the virions to cell surface glycans by active 

Drgal9-L1 present in mucus.  

To establish this model with galectin 9 we first needed confirm that the galectin was present 

and active in the zebrafish mucus.   Binding of Drgal9-L1 to the mucus was carbohydrate 

dependent and specific to four key mucus components identified through western blot. Mucus is 

composed primarily of water, salts, and glycoproteins such as mucins.  We glycotyped the 

zebrafish mucus and identified mucus components that were cross-reactive with antibodies to 

key galectin ligands, fibronectin, β1-integrin and CD147 previously found to interact with 

Drgal19-L1. The source of these components remains unknown, but it can be speculated that 

they are either glycoproteins secreted by epidermal goblet cells, or they originate form epithelial 

cells shed by the outer layers of the skin. Western blot analysis revealed that the electrophoretic 

mobility of the mucus glycans recognized by Drgal9-L1 only coincided with some of those for 

the galectin ligands identified suggesting that mucus contains additional glycan ligands for 

Drgal9-L1 that remain unidentified.  

Both Drgal9-L1 and IHNV bound to the mucus, and pre-incubation of IHNV with Drgal9-L1 

increased viral attachment. This cross-linking effect was similar to that observed on the EPC cell 

surface in Chapter 4.  IHNV has been detected in high levels in mucus of infected. In a study on 

rainbow trout the virus was detected in the mucus after 24 h and was able to replicate in the 

mucus as levels had increased by 48 h. This can be problematic in aquaculture situations as high 

stress events results in mucus shedding which could increase viral transmission (102, 103).   
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Since Drgal9-L1 binds to the mucus, we tested if increasing concentrations of mucus could 

inhibit Drgal9-L1-mediated increase in IHNV attachment. Over 50% inhibition of Drgal9-L1 

crosslinking was achieved at 200 µg/ml concentration of mucus. Furthermore, plaque assays 

revealed that mucus inhibit Drgal9-L1-mediated increase in IHNV attachment and infection both 

on a concentration and volume basis, as assessed by a significant decrease in plaque formation. 

Additionally, increasing concentrations of mucus could significantly inhibit Drgal9-L1 mediated 

increase in IHNV plaque formation. Increase in inhibition with higher concentrations of mucus is 

consistent with the model that the composition of the mucosal layer can not only determine 

properties such as adhesiveness, viscoelasticity and transport capabilities, but also its ability to 

provide protection against infectious challenge  (104). Bearzotti et al. (1999) hypothesized that 

fish rhabdoviruses infect through two steps beginning with passive entry across the fish mucus 

followed by direction interaction with fibronectin on the epidermal cell surface. Our findings 

support this hypothesis, but most importantly strongly suggest that galectins have a key role in 

mediating interactions of the virus with both the mucus glycans, and cell surface receptors.  
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Chapter 7: Role of zebrafish Drgal1-L2 revisited: Alternative mechanism(s) 
for inhibition of IHNV attachment to the fish epithelial cell surface 
 
Introduction 
 

The first identified galectin, galectin-1 (Gal-1), is a proto type galectin that is synthesized 

as a monomer subunit (14.5kDa) but forms a non-covalently bound homodimer in a 

concentration-dependent equilibrium with the monomeric subunits (80).  Like most galectins, 

Gal-1 recognizes and binds to Gal1-4GlcNAc (LacNAc) units on both N- and O-linked glycan 

branches. In the dimerized form, Gal-1 can recognize non-sialyated or 2,3 sialylated and 

fucosylated terminal LacNAc units with high affinity compared to the monomeric form (103). 

Similar to Gal-3 and -9, Gal-1 expression is increased during inflammation and it has been 

shown to play a role as both a pattern recognition receptor during pathogen infection (105). 

Exogenous Gal-1 mediates anti-inflammatory responses through inhibition of activation, 

chemotaxis, and extravasation of neutrophils. This galectin mediates the innate immune response 

through its regulatory role and anti-inflammatory activities (179). Our lab has reported the 

identification of a proto type galectin (Drgal1) in zebrafish (Danio rerio) that is expressed in 

various tissues. Our initial studies focused on its role in skeletal and heart muscle development 

(19) and retinal photoreceptor regeneration (19) by recognition of endogenous carbohydrate 

ligands.  

More recently, it has been shown that galectins are involved in innate immunity and 

function as PRR by recognizing exogenous carbohydrate ligands. Our studies revealed that 

Drgal1 also recognized exogenous carbohydrate ligands, such as the envelope glycoprotein of 

the infectious hematopoietic necrosis virus (IHNV) and inhibit viral attachment to epithelial cells 
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(21). The presence of Drgal1-

L2 decreased viral attachment 

to the cell surface by 40%.  

Binding inhibition assays with 

Drgal1-L2 and plant lectin 

glycotyping of the IHNV 

envelope revealed that Drgal1-

L2 binds to N-acetyl-D-

lactosamine (LacNAc) on the 

viral envelope (21). Glycomic 

studies further showed the 

presence of similar LacNAc-

containing oligosaccharides 

on both the IHNV envelope 

glycoprotein and EPC cell 

surface. Further, we reported 

the structure of Drgal1-L2 in 

complex with LacNAc and 

modeled the inhibitory 

effects of Drgal1-L2 on 

IHNV attachment to the EPC 

cell surface. The resolution of the structure of Drgal1-L2 revealed the detailed interactions with 

oligosaccharides from IHNV glycosylated envelope, and a potential mechanism for the direct 

Figure 56. Drgal1-L2 crosslinks IHNV envelope 
glycoprotein spikes to inhibit viral attachment. A. 
Micrograph of a rabies rhabdovirus shows the dimensions of the 
virion. (This picture is licensed under a Creative Commons 
Attribution-Share-Alike 3.0 Unported License.) B.  A  IHNV 
virion surface showing a hexagonal lattice of spikes. C. The 
area per spike for the pre-fusion GP trimer has an area of 29.1 
nm2, equivalent to the area of an equilateral triangle of side S 
(8.25 nm). D.  The area per spike for the post-fusion GP trimer 
is 19.6 nm2, corresponding to the area of a circle of radius r 
(r=2.5 nm). E. Drgal1-L2 dimer bound to the hexagonal 
arrangement of spikes, recognizing two BCs (orange carbon 
atoms) related by the two-fold axis of the center hexagonal 
arrangement. F.  Drgal3-L1 bound to the hexagonal 
arrangement of spikes. The full hexagonal arrangement is 
obtained by applying to the asymmetric unit formed by two 
adjacent GPs the three-fold axis at the center of the hexagon, 
one with the orange BC recognized by the galectin-3 and the 
other with the BC in green. The galectins in (E) and (F) are 
colored in purple. Figure and figure caption adapted from 
Ghosh et al., 2019.  
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inhibition of attachment and fusion of the envelope spikes to the host epithelial cell as shown 

here in Figure 56 (19, 21). It is likely that Drgal1-L2 prevents IHNV infection by more than one 

mechanism. The inhibition of IHNV attachment by Drgal1-L2 is due to crosslinking of the 

envelope glycoprotein spikes(12, 15). We proposed an alternative mechanism, however, by 

which Drgal1 could also hinder IHNV attachment to the cell surface by binding to glycans on the 

surface of fish epithelial cells and mask IHNV receptors (EPCs). Based on our results on the 

interplay of Drgal9-L1-mediated IHNV cross-linking to galectin ligands and enhanced 

infectivity, we investigated if Drgal1 could also protect the fish host against IHNV infection by 

the above-mentioned alternative mechanism. Further, based on the experimental evidence 

revealing that Drgal1 is also present in mucus, we examined the possibility that, similarly to 

Drgal9-L1, Drgal1 could also contribute to modulate viral attachment by crosslinking virions to 

mucus, hindering access to the epithelial surface.  

Cell surface fibronectin can function as an IHNV attachment receptor (162) that as we 

have previously shown, can also act as a galectin ligand to enhance galectin-mediated IHNV 

attachment (Chapter 4). Along with other cell surface glycans, fibronectin is a well-established 

endogenous ligand of Gal-1. The binding of Gal-1 to fibronectin in human placenta tissue could 

be inhibited with lactose indicating a carbohydrate-dependent interaction(146) . In addition to 

fibronectin other galectin ligands have been detected on the epithelial cell surface. β1-integrin is 

of particular interest for its role as both a rhabdovirus receptor (19, 21), a zebrafish galectin 

ligand (Chapter 5) and a known galectin-1 ligand on smooth muscle cells (59).   

We hypothesize that Drgal1-L1 could bind either to a cell surface receptor such as 

fibronectin or  β1-integrin or to the IHNV glycoprotein to inhibit viral attachment to the receptor 

at the cell surface. To gain insight into this alternative mechanism, we characterized the 
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carbohydrate binding properties of Drgal1 and examined its role in mediating IHNV attachment 

to purified glycoproteins as well as the epithelial cell surface. For this, we first characterized the 

expression and localization of Drgal1 isoforms in fish mucosal tissues that are relevant to its 

immune defense function, such as skin, gills and gut. We selected the Drgal1-L2 isoform and 

further analyzed the detailed specificity by glycan microarray methodology, characterized the 

binding specificity of Drgal1-L2 and analyzed its potential carbohydrate ligands on EPC and 

zebrafish mucus. Next, we examined the role of Drgal1-L2 in mediated IHNV attachment to its 

receptor, fibronectin, as well as an alternative receptor - integrin, through two proposed 

mechanisms of inhibition. Finally, we further explored the role of zebrafish mucus in Drgal1-L2 

mediated inhibition of IHNV attachment.  

 

Materials and Methods:  
 
Reagents: 

MS-222, chloramphenicol, kanamycin, and ß-mercaptoethanol (BME), Neuraminidase, -

galactosidase were purchased from Sigma-Aldrich (St. Louis, MO). PNGase F was purchased 

from New England Bio labs (Ipswich, MA). EZ-Link™Sulfo-NHS-SS-Biotin kit, Protein A-

Sepharose, DAPI stain custom PCR primers, DAPI stain, Oligo (dT), RevertAid RT, RiboLock 

(RI), DreamTaq master mix, and dNTP mix were purchased from Thermo Scientific (Waltham, 

MA). DNase, Nuclease free H2O, 10x cDNA mix, and EDTA were Invitrogen (Carlsbad, CA)   

EZ-Link™Sulfo-NHS-SS-Biotin kit, Protein A-Sepharose, custom DAPI stain were purchased 

from Thermo Scientific (Waltham, MA). DNase, Nuclease free H2O, 10x cDNA mix, and EDTA 

were Invitrogen (Carlsbad, CA)  HRP conjugated streptavidin and Alexa 488 conjugated 

streptavidin were purchased from Pierce. The pET28b (+) vectors and Rosetta (DE3) pLysS 
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competent cells, 25 U/mL Benzonase Nuclease, and lysozyme were obtained from Novagen 

(Madison, WI).  Cell culture media HBSS CaMg and L-15 Leibovitz were purchased from Gibco 

(Gaithersburg, MD). 1 X protease inhibitor cocktail set 1 was purchased from Calbiochem (San 

Diego, CA).  TMB substrate was purchased from SeraCare (Gaithersburg, MD). Anti-fibronectin 

and bovine serum fibronectin were purchased from Sigma Aldrich. Western Lightening Plus-

ECL reagent. 8-chamber slides were purchased from Lab-Tek II (Santa Cruz, CA). Custom 

siRNA was purchased from Dharmacon (Lafayette, CO).  

 

Cell culture, zebrafish husbandry and use, IHNV purification, and antibody purification: Were 

carried out as described in previous chapters 

 

Galectin expression and  purification 

 Expression and purification of recombinant Drgal1-L2 were prepared as described previously 

(19). Biotinylated recombinant Drgal1- L2 (Genbank accession no. AY421704) was prepared as 

previously described (DCI 2016). Production of anti-Drgal1-l2 antisera were prepared in New 

Zealand White rabbits and IgG was purified as previously described (105).  

 

Infection 

EPC cells were plated on 6 well plate (5x106/well) one day before experiment for attachment. 

After the culture supernatant was removed, 1 ml of IHNV (5x106 PFU/ml) or culture medium 

only (negative control) was applied onto each well and incubated for 1 h at 4ºC, followed by 24 h 

of incubation at 16ºC. The infected cells were harvested at the end point for processing and 

further analysis.  
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RT-PCR 

Total RNA from zebrafish tissues or EPC, ZFL cells isolated with TRIzol reagent (Invitrogen) 

was treated with DNase I (Invitrogen) then reverse transcribed into cDNA using the Reverse 

Transcriptase System (Promega) per the manufacturer’s recommendation with oligo dT primers. 

Drgal1 expression was semi-quantified with conventional RT-PCR or quantified with real-time 

qRT-PCR as described previously (JI 2013). For qRT-PCR, cDNA was diluted and mixed with 

SYBR Green Master Mix (Applied Biosystems) and 1 µM of each primer to a volume of 20 ul 

and amplified in a 7500HT Fast Real-Time PCR System (Applied Biosystems). Each sample was 

amplified in triplicate, and average values were calculated. The relative gene expression level for 

each sample was calculated with DDCt method and normalized to beta-actin. (JI 2013) 

 

Western blot 

Cell lysates, tissue samples, and mucus samples were fractionated on a 10% SDS-PAGE gel and 

transferred to a PVDF membrane. The membranes were blocked with 5% w/v non-fat dry milk 

for 1 h at room temperature, then incubated with a 1:1000 dilution of purified polyclonal rabbit 

immunoglobulins specific for zebrafish galectins Drgal1-L2 (Open Biosystems) overnight at 4º 

C, followed by incubation with a 1:1000 dilution of HRP- conjugated anti-rabbit IgG. Detection 

was carried out by chemiluminescence using Western Lightning Plus-ECL reagent 

(PerkinElmer). (Biochemistry 2015) 

 

Glycan microarray analysis 
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Glycan microarray analysis was carried out at the Core H of the Consortium for Functional 

Glycomics at Emory University, on version 5.0 of the array printed with 611 glycans in 

replicates of six. The biotinylated recDrgal1 (1 mg/ml) was dialyzed against PBS containing 10 

mM -mercaptoethanol (PBS/2-ME) and diluted with PBS/2-ME to 2, 10, 50, or 150 µg/ml before 

adding onto an array for analysis. The bound rDrgal1 was detected with streptavidin labeled with 

AlexaFluor 488 (Invitrogen).  

 

Whole mount fluorescence microscopy 

Whole mount preparation and processing was done by Nili Zmora in collaboration with the 

Vasta lab for this study. (JI 2013) Zebrafish embryos (5 dpf) were fixed in fresh-prepared, 4% 

v/v para-formaldehyde (PFA) solution for 10 min. After washing with PBS and blocked with 3% 

w/v BSA in PBS, the fixed embryos were incubated with anti-Drgal1 antibody overnight at 4°C. 

Subsequently the embryos were washed and incubated with Cy3-conjugated anti-rabbit 

secondary antibodies (kindly provided by Dr. Adam Puche, University of Maryland School of 

Medicine, Baltimore, MD, USA) or Alexa 555 conjugated anti-rabbit antibody. The embryos 

were counterstained with DAPI and mounted in ProLong Antifade mounting medium 

(ThermoFisher). The images were captured on a Leica SP8 TCS with a 10x objective and 2.5x 

digital amplification with Fluoview V5.0.  

 

Solid phase binding assay and inhibition assay 

 Solid phase lectin binding assays were carried out as described elsewhere (126) . Briefly, 96-

well micro-titer plates were coated with authentic glycoproteins (0-10 µg/ml in PBS), or 

zebrafish mucus (5 µg/ml in PBS) for 3 h at 37°C. The plates were washed with 0.1% v/v Tween 
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in PBS (PBST) and blocked overnight with 3% BSA in PBS at 4°C. The plates were washed 

three times with cold PBS/BME and stored at 4°C. For binding studies, rDrgal1-L2 (100 µl; 0.5 

µg/ml in PBS/2-ME) was dispensed into the coated plates and incubated for 1 h at 4 °C. For 

binding-inhibition studies, Drgal1-L2 (0.2 µg/ml) was preincubated with serial dilutions of 

lactose, TDG, LacNAc, cellobiose, maltose (1:3 serial dilutions starting at 10 mM) for 1 h at 4°C 

in PBS/2-ME. The rDrgal-L2/inhibitor mixtures were delivered into the coated plates and 

incubated for 1 h at 4°C. Controls were the substitutions of the glycan inhibitor solution by PBS 

and substitution of purified lectin by PBS. After three washes with PBS/2-ME, the plates were 

fixed with 2% v/v formaldehyde in PBS for 30 min at room temperature. The wells were washed 

twice with 100 mM glycine in PBS and three times with PBST. Binding of rDrgal1-L2 was 

detected by purified rabbit anti-Drgal1 IgG, followed by an HRP-conjugated anti-rabbit 

antibody. The plates were developed with TMB substrate for 5 min, and the reaction was stopped 

by adding 1 M HCl. Optical densities at 450 nm were measured on SpectraMax340 Plate Reader 

(Molecular Devices) controlled by SoftmaxPro software, version 1. All experiments were carried 

out in triplicate and repeated at least twice. The 50% inhibition concentration (IC50) were 

calculated (Prism Verson 6) as 50 percentage binding activity relative to the no-inhibitor control 

(100%; no inhibitor added). 

 

Glycosidase treatment of glycoproteins 

Bovine serum fibronectin (Sigma Aldrich) was treated with glycosidases to remove specific 

sugars. To cleave sialylated glycans bound to FN, 500 µg of protein was incubated with 3U of 

neuraminidase from Clostridium perfringens (Sigma Aldrich) overnight at 37ºC. The sample was 

then dialyzed in PBS1X to remove cleaved glycans. This sample is designated nFN. To cleave ß-
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galactoside-containing glycans from fibronectin 250 µg of nFN was incubated with 5U of ß-

galactosidase from Escherichia coli (Sigma Aldrich) overnight at 37ºC. The sample was then 

dialyzed in PBS1X to remove cleaved glycans. This sample is designated n/gFN. To cleave N-

linked glycans 500 µg of fibronectin (Sigma Aldrich) was mixed with denaturing buffer (New 

England Bio Labs) and heated at 100ºC for 10 mins.  After, G7 and NP40 were added according 

to (New England Bio Labs) before incubated the sample with 3U of PNGase F (New England 

Bio Labs) overnight at 37ºC. The sample was then dialyzed in a 7MWCO dialysis bag in PBS1X 

to remove cleaved glycans. This sample is designated pFN. The same treatment with PNGase F 

was repeated with β1-integrin. This sample was designated pβ1-integrin.  

 

Glycoprotein binding assays 

Each well of a 96-well microtiter plate was coated with 100 ul of 2.5 µg/ml of either β1-integrin 

(Sino Biological), FN (Sigma Aldrich), n/g FN, or pFN and left for 2 h at 37ºC. The plate was 

blocked with 3% w/v BSA overnight at 4ºC.  The plate was then incubated with either increasing 

concentrations of biotinylated Drgal1-L2 (0-30 µg/ml ) or a fixed concentration of Drgal1-L2 (30 

µg/ml ) in the presence of PBS 1X or 100 mM lactose or sucrose for 1 h at room temperature.  

Binding was directly detected with HRP conjugated streptavidin (Pierce) at a 1:1000 dilution. 

The plate was developed using TMB substrate and the reaction was stopped by adding 1M HCl. 

Absorbance values were read at 450 nm. 

 

Fibronectin and β1-integrin binding inhibition assays with Drgal1-L2 

Each well of a 96-well microtiter plate was coated with 100 ul of 2.5 µg/ml of either   
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β1-integrin, fibronectin, or glycosidase treated proteins (n/gFN, pFN, or pβ1-integrin) and left 

for 2 h at 37ºC. The plate was blocked with 3% BSA overnight at 4ºC.  The plate was then 

incubated with either increasing concentrations of biotinylated Drgal1-L2 (0-30 µg/ml) or PBS 

1x for 1h at room temperature.  To this was added IHNV (7.5 µg/ml) or IHNV (7.5 µg/ml) that 

had been pre-incubated with Drgal1-L2 (0-30 µg/ml ). Binding of the virus was directly detected 

with HRP conjugated streptavidin (Pierce) at a 1:1000 dilution. The plate was developed using 

TMB substrate and the reaction was stopped by adding 1M HCl. Absorbance values were read at 

450 nm.  

 

Lectin overlays 

 Samples of 10 µg of zebrafish mucus at a concentration of 5-10 µg/ml were fractioned on a 4-

15% gradient SDS-PAGE Gel (SMOBIO) and transferred to a PVDF membrane. The 

membranes were blocked overnight with 3% w/v BSA at RT and then incubated with either 5 

µg/ml of biotinylated Drgal1-L2 or 2.5 µg/ml of ConA (Vector Laboratories) Detection was 

carried out by chemiluminescence using Western Lightning Plus-ECL reagent (PerkinElmer). 

(Biochemistry 2015) 

 

Epidermal mucus binding assay 

 Each well of a 96-well microtiter plate was coated with 100 µl of 100 µg/ml of zebrafish mucus 

incubated for  2 h at 37ºC. The plate was blocked with 3% BSA overnight at 4ºC.  The plate was 

then incubated with either increasing concentrations of biotinylated Drgal1-L2 (0-50 µg/ml) or 

biotinylated IHNV (7.5 µg/ml) that had been pre-incubated with increasing concentrations 

Drgal1-L2 (0-30 µg/ml) in the presence of PBS 1X , 100 mM lactose, or 100 mM sucrose for 1 h 
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at room temperature. Binding was directly detected with HRP conjugated streptavidin (Pierce) at 

a 1:1000 dilution. The plate was developed using TMB substrate and the reaction was stopped by 

adding 1M HCl. Absorbance values were read at 450 nm.  

 

Results 
 
Tissue and cell line distribution of Drgal1 isoforms 

Our prior studies showed that Drgal1-L2 plays a role in mediating IHNV attachment and 

infection of EPC cells by binding to the envelope glycoprotein (21). Yet the alternative 

mechanism we had proposed, consisting of Drgal1-mediated blocking of IHNV attachment by 

binding to cell surface viral receptors, had not been experimentally tested. In the current study, 

we first examined the expression of Drgal1 isoforms in the tissues proposed as IHNV targets for 

entry, as well as the cell lines ZFL and EPC. Three isoforms of Drgal1 (Drgal1-L1,-L2, and -L3) 

have been identified. We used the isoform-specific primers to determine the expression of each 

isoform in zebrafish tissues that are considered as primary viral entry sites, such as skin, gill, and 

gut. Drgal1-L2 is uniformly expressed in all 3 tissues, but the expression of Drgal1-L1 and L3 

varied. While gut expresses high levels of Drgal1-L3 but little Drgal1-L1, both skin and gill 

express mostly Drgal1-L2, followed by Drgal1-L3 and Drgal1-L1 (Figure 57A).  

 For our studies with IHNV infection we use the surrogate epithelial EPC cell line 

because the IHNV does not propagate effectively in zebrafish liver cell line ZFL. We examined 

the expression of the galectin 1 isoforms in ZFL and EPC, using the same isoform-specific 

primers to perform RT-PCR. Drgal1-L2 was the most highly expressed isoform in both cell lines 

(Figure 57B) as found in zebrafish tissues.  Further, we used confocal fluorescence microscope 

to localize the Drgal1 distribution in zebrafish larvae (Figure 57C). The results revealed that 
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Drgal1 is present in skin, ear, and intestine, with a diffuse signal on the external surface of the 

skin suggesting the presence in epidermal mucus (Figure 57C). Consistent with previous report 

(180) Drgal1 was also observed in notochord area. 

 

 

 

 

 

 

Figure 57. Tissue specific expression and distribution of Drgal1 isoforms. A. qRT-PCR 
was performed to determine the mRNA level of each isoform in skin (left), gill (center), or 
gut (right). The expression level was normalized to b-actin. B. Protein level in mucus, skin, 
muscle, gill of adult zebrafish, or EPC cell lysis was determined in Western blot using anti-
Drgal1 antibody. C. 5 DPF zebrafish larvae was fixed and performed whole mount staining 
with anti-Drgal1 to determine the localization of protein expression. The staining was 
captured by confocal microscope (Leica SP8). (a) A representative staining of the section is 
shown. (b&c) The boxed areas in (a) are amplified to show skin and mucus staining. (d&e) 
3D structure was constructed with serial Z-stacks with 4.5 µm distance, and the outside view 
with the gut visible (d) or inside view (e) are shown. Figure by Nilli Zmora, unpublished.  
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Glycan microarray analysis shows the strongest binding ligands of Drgal1-L2 contain 

LacNAc structure 

To explore 

mechanisms of Drgal1 

mediated blocking of IHNV 

attachment we ought to 

understand its carbohydrate 

binding specificity and 

binding ligands on virus 

and host cells. In silico 

analysis with computational 

modeling suggested that 

Drgal1-L2 galectin dimers 

preferably bound to terminal 

LacNAc moieties identified 

in IHNV envelope 

glycoprotein (37, 146). To 

experimentally identify the strongest  Drgal1’s binding ligands, we first performed a glycan 

microarray analysis with the recombinant Drgal1-L2. The binding profile of the biotinylated 

Drgal1-L2 (50 µg/ml ) tested against the 600 oligosaccharides printed in the current version of 

the glycan microarray revealed that the top 10 binding ligands all contain the Gal-4GlcNAc 

structure (Figure 58). Thus, it confirmed that like the mammalian proto type galectins, Drgal1-L2 

preferentially binds terminal and selected substituted LacNAc structures.  

Figure 58. Top binding ligands of Drgal1-L2 revealed in 
glycan array have terminal acetyllactosamine (LacNAc) 
structure. Biotinylated recombinant Drgal1-L2 was subjected to 
glycan microarray analysis (Consortium for Functional 
Glycomics). The ten top-ranked glycan ligands are arranged by 
fluorescent signals (bottom) and their structures (top panel) are 
shown with the terminal LacNAc structures (with selected 
substitutions: Gal and GlcNAc) boxed. Glycan models 
constructed using DrawGlycan (Cheng et al., 2017).  
 
 
Figure 58. Top binding ligands of Drgal1-L2 revealed in 
glycan array have terminal acetyllactosamine (LacNAc) 
structure. Biotinylated recombinant Drgal1-L2 was subjected to 
glycan microarray analysis (Consortium for Functional 
Glycomics). The ten top-ranked glycan ligands are arranged by 
fluorescent signals (bottom) and their structures (top panel) are 
shown with the terminal LacNAc structures (with selected 
substitutions: Gal and GlcNAc) boxed. Glycan models 
constructed using DrawGlycan (Cheng et al., 2017).  
 
 
Figure 58. Top binding ligands of Drgal1-L2 revealed in 
glycan array have terminal acetyllactosamine (LacNAc) 
structure. Biotinylated recombinant Drgal1-L2 was subjected to 
glycan microarray analysis (Consortium for Functional 
Glycomics). The ten top-ranked glycan ligands are arranged by 
fluorescent signals (bottom) and their structures (top panel) are 
shown with the terminal LacNAc structures (with selected 
substitutions: Gal and GlcNAc) boxed. Glycan models 
constructed using DrawGlycan (Cheng et al., 2017).  
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Drgal1-L2 prefers asialofetuin over other glycoproteins 

To further investigate the specificity of Drgal1-L2 and validate the results from the 

glycan microarray we examined which disaccharides inhibit the binding of Drgal1-L2 to ASF, a 

desialylated glycoprotein rich in exposed terminal LacNAc, already established as a strong 

ligand for galectins. Plates were coated with ASF and incubated with Drgal1-L2 pre-incubated 

with increasing concentrations of test disaccharides. Drgal1-L2 binding to ASF was inhibited by 

thiodigalactoside (TDG), LacNAc, and lactose, but not cellobiose, nor maltose (Figure 59A). 

TDG showed the highest inhibitory capacity, with an IC50 at 0.04 mM, followed by LacNAc 

(0.07 mM), and lactose (0.23 mM) (Figure 59B). TDG is a non-metabolized disaccharide that is 

a potent Gal-1 inhibitor (19, 21). These results are consistent with the glycan array observation 

that Drgal1-L2 binds preferably to LacNAc structure.  Next, by solid phase ELISA binding assay 

we studied the binding capacity of Drgal1-L2 for other natural glycoproteins and compared them 

to ASF. ASF, porcine stomach mucin (PSM), human laminin, vitronectin and fetuin were coated 

onto microtiter plate and the binding of Drgal1-L2 was tested. Data revealed that Drgal1-L2 

bound best to ASF, followed by PSM and human laminin, all glycoproteins that display terminal 

LacNAc, but poorly to vitronectin or fetuin (Figure 59C). 

Binding of Drgal1-L2 to IHNV cell surface receptors: fibronectin and β1-integrin  

Galectin -1 has previously been reported to bind to several cell surface glycoproteins, 

including fibronectin, and β1-integrin (146). Our results in Chapter 4 and 5 indicate that both 

ligands play a role in Drgal9-L1 mediated IHNV attachment. With the appropriated carbohydrate 

structure available at the cell surface, Drgal1-L2 may also bind to these receptors and modulate 

the viral attachment to the host cell.  
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To further confirm the interaction between Drgal1-L2 and the glycoprotein ligands/IHNV 

receptors characterized as described in previous sections, we performed a solid phase binding 

assay (ELISA) to examine the binding capacity and specificity of Drgal1 for fibronectin and β1-

integrin (Figure 60A). Our results revealed that Drgal1-L2 bound to β1-integrin, followed by 

fibronectin, in a dose-dependent manner (Figure 60A). The binding of Drgal1-L2 to these 

glycoproteins could be significantly inhibited (p<0.0005) with 100 mM lactose but not sucrose 

(Figure 60B), suggesting a carbohydrate-specific interaction.  

Figure 59. Carbohydrate specificity of Drgal1. A. Microtiter plates coated with 3 𝜇g/mL of 
asialofetuin (ASF) were pre-incubated with serial dilution of lactose (Lac), thiodigalactoside 
(TDG), acetyl-lactosamine (LacNAc), cellobiose, or maltose before adding the biotinylated 
Drgal1. Bound lectin was detected with HRP conjugated streptavidin and TMB substrates. B. 
The concentrations of lactose (Lac), thiodigalactoside (TDG), or LacNAc to inhibit 50% 
Drgal1 binding were calculated and shown. C. Microtiter plates were coated with 5 𝜇g/mL of 
ASF, fetuin, porcine stomach mucin (PSM), human laminin, vitronectin, or BSA, and the 
binding of Drgal1 on these glycoproteins was determined through incubation with serial 
dilution of biotinylated Drgal1, followed by HRP conjugated streptavidin then TMB 
substrates. Feng and Vasta, unpublished.  
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Drgal1. Bound lectin was detected with HRP conjugated streptavidin and TMB substrates. B. 
The concentrations of lactose (Lac), thiodigalactoside (TDG), or LacNAc to inhibit 50% 
Drgal1 binding were calculated and shown. C. Microtiter plates were coated with 5 𝜇g/mL of 
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To further confirm the interaction of Drgal1-L2 

with fibronectin is N-linked glycan dependent, we 

examined the Drgal1-L2 binding to glycosidase treated 

fibronectin (Figure 60C).  Fibronectin was treated with 

neuraminidase to cleave sialic acid followed by ß-

galactosidase to cleave ß-galactose from fibronectin 

(n/gFN). Alternatively, fibronectin was treated with 

PNGase F to cleave N-linked glycans (pFN). Binding 

of Drgal1-L2 to n/gFN and pFN was significantly 

reduced (p<0.005 and p<0.0005 respectively) 

compared to FN (Figure 60C), suggesting a N-linked 

glycan-dependent interaction, with specificity for non-

reducing terminal galactosides.  

 

 

 

Figure 60. Drgal1 Binds to various purified glycoproteins, known to be present on the EPC cell 
surface, in a carbohydrate dependent/specific manner. A. A 96-well high binding plate coated 
with 2.5 𝜇g/mL of fibronectin or β1-integrin and then blocked with 3% w/v BSA. Biotinylated 
Drga1-L2 was added in increasing concentrations (0-30 𝜇g/mL) for 1 h incubation. B. A 96-well 
high binding plate coated with 2.5 𝜇g/mL of fibronectin or ββ1β1-integrin and then blocked with 3% 
w/v BSA. Biotinylated Drgal1-L2 at 30 𝜇g/mL was incubated with PBS1X, 100 mM sucrose, or 100 
mM lactose before being added to the plate. C. Fibronectin was treated with various glycosidases to 
remove key glycans involved in galectin binding. Neuraminidase was used to remove Neu5Aca2-
6Gal/GalNAc and NeuAca2-3Galβ1-4GlcNAc followed by β-galactosidase to remove Galβ1-
4GlcNAc containing glycans (n/gFN).  Alternatively, FN was treated with PNGase F to remove all 
N-linked glycans (pFN). A 96 well binding plate was coated with 2.5 𝜇g/mL of FN, n/gFN, and pFN. 
Drgal1-L2 that was pre-incubated with PBS1X, 100 mM sucrose, or 100 mM lactose was added in 
increasing concentrations (0-30 𝜇g/mL) for 1 h incubation. Absorbance was measured at 450nm.  
The average of triplicate experiments +/- SEM is represented.  Multiple T-Test were used. *p<0.05, 
**p<0.005, and ***p< 0.005 control vs lactose or PNGase F treatment  
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Drgal1-L2 inhibits IHNV attachment to FN   

 The observation that Drgal1-L2 binds to  cell surface receptors, β1-integrin and 

fibronectin led us to investigate whether these potential receptors for IHNV attachment could be 

inhibited by Drgal1-L2 that competes for binding. To address this hypothesis, we coated the 

plate with FN, n/gFN, and pFN and incubated with increasing concentrations of Drgal1-L2. We 

then added biotinylated IHNV and compared binding to non-coated fibronectin.  There was a 

significant (p<0.0005) decrease in IHNV binding to fibronectin as Drgal1-L2 concentration 

increased. This effect could be inhibited with 100 mM lactose but not sucrose (p<0.0005) (Figure 

61A). These results suggest that Drgal1 can inhibit viral attachment by hindering availability of 

the virus-interacting moieties of the IHNV receptor. The IHNV binding was abolished by 

deglycosylation of fibronectin, with either neuraminidase/ß-galactosidase or PNGse F digestion 

(Figure 61A). 

We previously demonstrated the Drgal1-L2 binds to terminal LacNAc on the viral 

glycoprotein and inhibits viral attachment to the cell by preventing fusion of the glycoprotein 

trimer (19, 21). To confirm that pre-incubation of the virus with Drgal1-L2 would inhibit the 

virus binding to its known cell surface receptor, fibronectin, we incubated IHNV with increasing 

concentrations of Drgal1-L2 and found that it significantly decreased viral attachment 

(p<0.0005). This inhibition could be reversed when incubation occurred in the presence of 

lactose (p<0.0005) but not sucrose (Figure 61B), suggesting a carbohydrate-specific interaction 
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of Drgal1-L2 with virus inhibits 

the viral attachment onto 

fibronectin. These results not 

only confirm and expand on our 

prior results(162), but reveal an 

alternative mechanism by 

which Drgal1-L2 can inhibit 

attachment of IHNV to the fish 

epithelial cell surface.   

 

 

 

Drgal1-L2 inhibits IHNV attachment to β1-integrin 

In addition to fibronectin, Drgal1-L2 bound strongly to β1-integrin, another glycoprotein 

that is glycosylated in N-linked glycans(60, 81, 95). β1-integrin is a known receptor for another 

Figure 61. Drgal1-L2 binding to FN inhibits IHNV in a carbohydrate dependent 
manner. A. An ELISA was performed to detect the binding of biotinylated IHNV (7.5 
𝜇g/mL) to 5 𝜇g/mLof immobilized FN, nFN, n/gFN and pFN that had been pre-incubated 
with increasing concentrations of Drgal1-L2 (0-30 𝜇g/mL). Fibronectin was incubated with 
Drgal1-L2 in the presence of either PBS 1X, 100 mM lactose or 100 mM sucrose before 
being added to the plate. Virus binding was detected with HRP- conjugated streptavidin at 
(0.15 mg/mL concentration). Average of triplicate data (+/-) standard error of the mean is 
represented in graph. *p< 0.05, **p<0.005, ***p<0.0005 for lactose vs PBS 1X, Control (0 
𝜇g/mL) vs increasing Drgal1-L2 concentrations , FN vs n/g FN, and FN vs pFN. B.  An 
ELISA was performed to detect the binding of biotinylated IHNV (7.5 𝜇g/mL) pre-incubated 
with increasing concentrations of Drgal1-L2 (0-30 𝜇g/mL) to 5𝜇g/mL of FN or BSA (control) 
immobilized on a 96-well microtiter plate. IHNV was incubated with Drgal1-L2 in the 
presence of either PBS 1X, 100 mM lactose or 100 mM sucrose before being added to the 
plate. Multiple T-test analysis was done. *p<0.05 and ***p<0.0005 for control vs 100 mM 
lactose and ***p<0.0005 for control (o µg/mL) vs increasing Drgal1-L2 concentrations.  
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rhabdovirus, rabies, and interacts with fibronectin during viral attachment (58–60). In chapter 5 

we showed that IHNV binds to β1-integrin, although not as well as fibronectin. We repeated the 

inhibition assays for Drgal1-L2 that we did with fibronectin by pre-incubating a higher 

concentration of the virus (15 µg/ml ) with increasing concentrations of Drgal1-L2.  We found 

that Drgal1-L2 was able to significantly decrease viral attachment β1-integrin (p<0.0005) at 

higher concentrations. This inhibition could be reversed when incubation occurred in the 

presence of lactose (p<0.005) but not sucrose (Figure 62A).   

 We also tested inhibition of Drgal1-L2 by pre-incubating β1-integrin and PNGase F 

treated 1β1β1-integrin (pβ1-integrin) before adding IHNV. There was a significant (p<0.05, 

0.005, and 0.0005) decrease in IHNV binding to β1-integrin as Drgal1-L2 concentration 

Figure 62. Drgal1-L2 inhibits IHNV binding to 𝜷1integrin in a carbohydrate dependent 
manner. A. An ELISA was performed to detect the binding of biotinylated IHNV (15 
𝜇g/mL) pre-incubated with increasing concentrations of Drgal1-L2 (0-30 𝜇g/mL) to 2.5 
𝜇g/mL of 𝛽1integrin immobilized on a 96-well microtiter plate. IHNV was incubated with 
Drgal1-L2 in the presence of either PBS 1X, 100 mM lactose or 100 mM sucrose before 
being added to the plate.  B.  An ELISA was performed to detect the binding of biotinylated 
IHNV (15 𝜇g/mL) to 2.5 𝜇g/mL of immobilized 𝛽1integrin that had been pre-incubated with 
increasing concentrations of Drgal1-L2 (0-30 𝜇g/mL). 𝛽1integrin was incubated with 
Drgal1-L2 in the presence of either PBS 1X, 100 mM lactose or 100 mM sucrose before 
being added to the plate. Virus binding was detected with HRP- conjugated streptavidin at 
(0.15 𝜇g/mL concentration). Average of triplicate data (+/-) standard error of the mean is 
represented in graph. Multiple T-test analysis was used. *p< 0.05, **p<0.005, ***p<0.0005 
for lactose vs PBS 1X, Control (0 𝜇g/mL) vs increasing Drgal1-L2 concentrations and 
𝛽1integrin vs p𝛽1integrin 
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increased. This effect could be inhibited with 100 mM lactose but not sucrose (p<0.0005) (Figure 

62B). Binding of IHNV to β1-integrin could not be significantly inhibited with lactose but could 

be inhibited by deglycosylating β1-integrin via PNGase F digestion (p<0.005)(Figure 62B)  

suggesting a N-linked glycan dependent interaction similar to the  IHNV interaction with 

fibronectin. 

 

 

 

 

 

Figure 63. Pre incubation of EPC cell monolayer with Drgal1-L2 inhibits IHNV 
binding in a carbohydrate dependent manner.  An ELISA was performed to detect the 
binding of biotinylated IHNV (7.5 𝜇g/mL) to EPC cell monolayer that have been pre-
incubated with increasing concentrations of Drgal1-L2 (0-30 𝜇g/mL). EPC cells were 
incubated with Drgal1-L2 in the presence of either PBS 1X, 100 mM lactose or 100 mM 
sucrose for 1 h before IHNV was added to the plate. Virus binding was detected with HRP- 
conjugated streptavidin at (0.15 𝜇g/mL concentration). Average of triplicate data (+/-) 
standard error of the mean is represented in graph. Multiple T-test analysis was used. *p< 
0.05, **p<0.005, ***p<0.0005 for lactose vs PBS 1X, Control (0 𝜇g/mL) vs increasing 
Drgal1-L2 concentrations.  
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Drgal1 binds to mucus components 

Next, we investigated the potential role of the epidermal mucus layer that under normal 

conditions coats the skin, gills, and gut. Like Drgal9, Drgal1 is also present in the zebrafish skin, 

gills, and epidermal mucus (Figure 64A). To investigate if Drgal1 bound to zebrafish mucus, a 

96-well plated was coated with 100 µg/ml of zebrafish mucus and incubated with increasing 

concentrations of Drgal1-L2 that had been pre-mixed with and without 50 mM lactose.  Drgal1 

actively bound to the mucus in a dose dependent manner and that binding could be significantly 

inhibited with lactose (p<0.0005) (Figure 64B). To identify the glycans to which Drgal1-L2 may 

be binding, zebrafish mucus (10 µg) was separated on an 8% acrylamide gel, transferred to 

PVDF, and the membrane overlaid with Drgal1 (5 µg/mL). Development of the galectin overlay 

revealed three distinct bands on the blot at approximately15kda, 16kda, and 18kda (Figure 64C). 

A similar mucus overlay with ConA (2.5 µg/mL) which binds to mannose and glucose and 

therefore has a broader binding capacity, revealed the glycan complexity of the epidermal mucus 

and highlights the recognition selectivity of Drgal1 for a few mucus glycan components (Figure 

64C).  
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Drgal1 inhibits IHNV binding to mucus 

The observation that Drgal1-L2 binds to mucus, to which IHNV also binds as shown in 

Chapter 6, led us to test if pre-incubation of IHNV with Drgal1-L2 could also inhibited binding 

to mucus. IHNV was incubated with increasing concentrations of Drgal1-L2 before added to a 

plate pre-coated with epidermal mucus. Increasing concentrations of Drgal1-L2 significantly  

inhibited viral attachment (p<0.0005). This inhibition could be reversed by the presence of 

lactose (p<0.005) during IHNV/Drgal1-L2 incubation but not sucrose (Figure 65).   

 

Figure 64. Galectin 1 is present in zebrafish epidermal mucus and binds to mucus 
glycans. A. Western blots of zebrafish muscle, skin, gills and mucus samples 
incubated with anti-galectin 1 (1:1000) were used to detect the presence of Galectin 
1.  B.  An ELISA was performed to detect the binding of increasing concentrations of 
biotinylated Drgal1-L2 (0-50 𝜇g/mL) to 100 𝜇g/mL zebrafish mucus with and without 
lactose. Binding was detected with HRP- conjugated streptavidin at (0.15 mg/mL 
concentration). Average of triplicate data (+/-) standard error of the mean is 
represented. Unpaired T-test analysis was used ***p<0.0005 of 0 𝜇g/mL vs increasing 
concentrations and PBS 1x vs lactose groups. C.  A sample of 10 µg of zebrafish 
mucus was run on an SDS-PAGE gel and then overlaid with either 5 𝜇g/mL of 
biotinylated Drgal1-L2 or 2.5 𝜇g/mL of ConA. The blot was developed using 
chemiluminescence at 10 second exposure. 
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Discussion  
 

Galectins exert a wide range of effects 

and functions, including tissue development and 

repair, activating transmembrane signaling 

pathways, cancer proliferation and metastasis 

and regulating the immune and inflammatory 

response to pathogen infection (80).  They 

mediate cell-cell and cell-intracellular 

interactions and can function as pattern 

recognition receptors (103). Gal-1 expression is 

increased during inflammation and has been 

shown to play a role as pattern recognition 

receptor during pathogen infection (19). 

Exogenous Gal-1 mediates 

anti-inflammatory responses 

through inhibition of 

activation, chemotaxis, and 

extravasation of neutrophils. 

This galectin mediates the 

innate immune response 

through its regulatory role and 

anti-inflammatory 

activities(21). We have 

Figure 65. IHNV pre-incubated with increasing concentrations of 
Drgal1-L2 inhibits viral attachment to zebrafish epidermal 
mucus. A. An ELISA was performed to detect the binding of 
biotinylated IHNV that had been pre-incubated with increasing 
concentrations of Drgal1-L2 (0-30 𝜇) to zebrafish mucus. Mucus (100 
𝜇g/mL) and BSA (5 𝜇g/mL) were immobilized on a 96-well microtiter 
plate. IHNV was incubated with Drgal1-L2 in with either PBS 1X, 
100 mM sucrose or 100 mM lactose for 1 hour before being added to 
the plate. B.  An ELISA was performed to detect the binding of 
biotinylated IHNV to 100 𝜇g/mL of immobilized zebrafish mucus that 
had been pre-incubated with increasing concentrations of Drgal1-L2 
(0-30 𝜇) Mucus (100 𝜇g/mL) and BSA (5 𝜇g/mL) were immobilized 
on a 96-well microtiter plate and was subsequently incubated with 
Drgal1-L2 in with either PBS 1X, 100 mM sucrose or 100 mM lactose 
for 1 hour before being added to the plateAll binding was detected 
with HRP- conjugated streptavidin at (0.15 mg/mL concentration). 
Average of triplicate data (+/-) standard error of the mean standard 
deviation is represented. Multiple T-test analysis was used*p< 0.05, 
**p<0.005, ***p<0.0005 for lactose vs PBS 1X, Control (0 𝜇g/mL) 
vs increasing Drgal1-L2 concentrations  
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reported that Drgal1 can bind to the envelope glycoprotein of IHNV and block viral attachment 

to the host epithelial cells (80), and by recently resolving the crystal structure, we gained further 

insight into the mechanism involved (19). The aim of this study was to investigate an additional 

mechanism we had proposed by which Drgal1-L2 would inhibit IHNV attachment to the host 

cell by binding to cell surface fibronectin and β1-integrin and hindering virus access to these 

receptors. 

Drgal1 isoforms are expressed in the skin, gill, gut and mucus where the host animals 

encounter with pathogens. Drgal1-L2 has the highest expression in these tissues as well as in 

both ZFL and EPC cell lines compared to other galectin1 isoforms. Gal-1 expression is increased 

during inflammation and it has been shown to play a role as both a pattern recognition receptor 

during pathogen infection (156, 181). The expression of this galectin in zebrafish cells and 

tissues considered as potential targets for virus attachment may provide an innate immunity 

defense mechanism against IHNV infection. Drgal1-L2 recognizes glycans containing core 

LacNAc structure. This structure exists in IHNV glycoprotein (146) as well as in standard 

glycoproteins such as asialofetuin which Drgal1-L2 binds to in both a carbohydrate dependent 

and specific manner.   

In addition to the viral glycoprotein, multiple epithelial cell surface glycoproteins such as 

fibronectin and β1-integrin are heavily glycosylated with hybrid and complex N-glycans (37, 

146, 154, 155). The presence of these glycoproteins on the EPC cell surface was detected 

previously using western blots and confirmed them through immunofluorescent microscopy. 

Dimeric Gal-1 has previously been shown to bind to a single molecule of β1-integrin, increasing 

its availability on the cell surface (37). Further testing revealed that Drgal1-L2 bound to 
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commercially purified fibronectin and β1-integrin in a carbohydrate dependent and specific 

manner.   

Fibronectin and β1-integrin are of particular interest as they are well-known galectin ligand 

(146).  Previous work demonstrated that the binding of galectin-1 to fibronectin in human 

placenta tissue could be inhibited with lactose indicating a carbohydrate dependent association 

(12, 15, 35, 162). Meanwhile, binding to β1-integrin on smooth muscle cells was -galactoside 

dependent (19). Drgal1-L2 binding to purified fibronectin and β1-integrin was both dose 

dependent and carbohydrate specific as it could be inhibited with lactose but not sucrose and was 

inhibited with the presence of glycosidase treatment.  In addition to galectins, fibronectin and β1-

integrin are known receptors of rhabdoviruses, IHNV and rabies respectively (121). Interaction 

of β1-integrin with fibronectin was needed for rabies viral attachment in Shuai et al. (2020).   

We previously demonstrated that pre-incubation of IHNV virions with Drgal1-L2 could 

inhibit attachment of the virus to fish epithelial cells (122). The results of this study revealed that 

Drgal1-L2 can inhibit the attachment of IHNV to the fish cell surface via an alternative 

mechanism consisting of the binding to the cell surface receptors (fibronectin and β1-integrin) 

and hindering access of the virus to its receptor. In summary, Drgal1-L2 can inhibit the 

attachment of IHNV to the fish cell surface through two mechanisms, either binding to the virus 

envelope glycoprotein or to the glycoprotein receptors on the host cell surface. In both cases the 

effect was dose dependent and carbohydrate specific. Galectins have been reported as anti-viral 

effector factors by directly blocking pathogen attachment and/or entry to the host cell. Gal-1 was 

found to interact with influenza A virus and inhibit both hemagglutinin activity and infectivity, 

although the mechanism(s) involved remain to be elucidated (40, 41, 173). Similarly, binding of 

Gal-1 to dengue virus, inhibits its adsorption and internalization by target cells (182).   
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After determining that fibronectin interacts with fish rhabdoviruses, Bearzotti et al. (1999) 

hypothesized that infection occurred in a two-step process beginning with passive entry of the 

virus across the epidermal mucus into the skin followed by direct interaction with fibronectin at 

the cell surface. The mucus can trap viruses, preventing them from adhering to the epithelial 

surface (183). Drgal1 isoforms were present in the skin, gills and mucus of zebrafish and bound 

to the mucus in a dose dependent and carbohydrate dependent manner. A range of lectins, 

including galectins have previously been reported in teleost mucus(113) . Incubation of IHNV 

with Drgal1 before being added to the mucus significantly decreased viral attachment in a 

carbohydrate dependent manner. Our current results suggest that Drgal1 plays a significant role 

in antiviral defense by: (1) binding to glycans on the viral glycoprotein, thus inhibiting 

attachment of viral peplomers to epithelial cell surface receptors and to mucus glycans, perhaps 

allowing the environmental turbulence to “wash” the virus away, (2) binding to glycans on the 

host epithelial cell surface, preventing attachment of the virus peplomers to the cell surface 

receptor (Figure 66).  
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Figure 66. Alternative mechanisms of Drgal1-L2 inhibition of IHNV 
attachment. A. Under normal conditions, Drgal1-L2 monomers and dimers bind to 
mucus glycans, hindering IHNV attachment and reaching the cell surface 
epithelium, and allowing IHNV to be washed away by water turbulence. B. Under 
stressful conditions (thin or breached mucus layer) Drgal1-L2 monomer and dimer 
bind to cell surface viral receptors to block IHNV attachment to the fish epithelium. 
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Chapter 8: Conclusions and future directions 
 
 

I. Overview 
 

In this thesis, I have explored the role of zebrafish galectins in IHNV attachment and 

infection of fish epithelial cells. Prior studies in our lab and preliminary research results 

suggested that the different classes of galectins (proto-, chimera, and tandem repeat) played 

contrasting roles in IHNV attachment and infection of EPC cells. We took a systematic approach 

to test the interaction of the galectins with the viral glycans, cell surface glycans, cell surface 

receptors, and epidermal mucus.  Based on my observations I established an in vitro model of 

galectin-mediated viral attachment and infection that was used to test our hypotheses by 

answering the four main questions discussed in Chapter 2. The findings of this thesis and in vitro 

model of galectin mediated infection developed here have a wide range of applications for both 

teleost and human models of viral infection.  

 
II. Major findings and conclusions  

 
A. Drgal9-L1-mediated enhancement of IHNV attachment and infectivity involves cross-

linking of IHNV to the EPC cell surface and is dependent on two actively binding CRDs 
in the Drgal9-L1 protein.  

 
The overall goal of this thesis was to examine the role of tandem repeat galectin 9 and its 

interaction with IHNV and the cell surface. The first question we asked addressed the 

mechanism of Drgal9-L1-mediated increase in IHNV attachment and infectivity, and whether 

this effect was dependent on two actively binding CRDs in the Drgal1-L2 protein. We showed 

that Drgal9-L1 crosslinks IHNV to cell surface glycans in a carbohydrate-dependent and -

specific manner. This carbohydrate-based interaction was dependent on both viral and cell 

surface glycans. Binding of Drgal9-L1 to the virus and cell surface could be inhibited with 
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lactose but not sucrose and was significantly decreased when N-linked glycans, specifically 

Gal1-4GlcNAc, were removed from either.  

Preliminary results showed that in contrast to Drgal1-L2 and Drgal3-L1, Drgal9-L1 

significantly increased binding of IHNV to the EPC cell surface. We hypothesized that Drgal9-

L1 cross-links the viral glycoprotein to its cell surface receptor, fibronectin. Galectins are known 

to exert a range of biological functions through crosslinking effects. For example, galectin 1 

promotes infectivity of HIV-1 by crosslinking the viral glycoprotein to the host cell surface (12, 

15). Human galectin 9 exhibits eosinophil chemoattraction through divalent ligand activity 

requiring two functional CRDs to exert cross-linking effects (156, 159, 160, 184).  We tested if 

Drgal9-L1 mediated cross-linking was dependent on two functional CRDs through the 

development of a c-terminal mutant protein and isolated individual N- and C- CRDs. The C-

terminal mutant did not enhance IHNV attachment or infection of EPC cells, indicating that two 

functional CRDs were required for crosslinking to occur.   

 
B. Drgal9-L1 enhances IHNV attachment to fibronectin in a carbohydrate-dependent and 

specific manner  
 

The second question I focused on was determining if the interaction between Drgal9-L1, 

IHNV, and fibronectin was protein-protein or protein-carbohydrate dependent. Fibronectin has 

been identified as the primary receptor for IHNV (159)but the exact mechanism of IHNV 

attachment to its receptor remained unknown. I observed that IHNV binds to fibronectin by itself 

and that the interaction is carbohydrate-dependent. This conclusion was supported by data 

demonstrating that binding of the virus to FN could be significantly inhibited with lactose or 

when either the virus or FN had been treated with PNGase F. Glycosylation of fibronectin has 

been shown to modulate biological functions such as cell adhesion and spreading and virus to 
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cell interactions (162). A study found that viral glycoproteins from influenza A, parainfluenza, 

and mumps virus all bound to fibronectin but could be inhibited when fibronectin was pre-treated 

with neuraminidase (4). Additionally, Hsiao et al., (2017) observed that N-glycosylation of 

fibronectin impacted cell adhesion and migration. Further research is needed to understand the 

interaction between IHNV alone and fibronectin.  

 In this study I observed that when IHNV is pre-incubated with Drgal9-L1 there is a dose-

dependent increase in viral attachment to fibronectin. This interaction is both carbohydrate-

dependent and -specific as it can be inhibited with lactose but not sucrose. Additionally, when 

either the virus or fibronectin was treated with glycosidases, there was a significant decrease in 

Drgal9-L1-mediated crosslinking.  When fibronectin was blocked on the EPC cell surface by 

incubation with the specific anti-fibronectin antibody or its expression silenced through siRNA 

treatment, there was a significant decrease in Drgal9-L1 mediated cross-linking to EPC.  These 

observations lead us to conclude that Drgal9-L1 crosslinks IHNV to its receptor fibronectin, and 

this galectin-mediated enhancement in viral attachment is a protein-carbohydrate dependent 

interaction.    

 
C. IHNV can attach to the epithelial cell surface by additional glycosylated receptors 

  
The next question I considered was if besides fibronectin there are other receptors on the 

EPC cell surface that could be involved in Drgal9-L1-mediated enhancement of IHNV 

attachment? Antibody inhibition and siRNA knockdown of fibronectin did decrease Drgal9-L1 

mediated cross linking of IHNV, but only partially. While this could be due in part to remaining 

fibronectin that was still available on the cell surface (only 67% knockdown was achieved at 96 

hours), it is possible that alternative glycan receptor(s) to which Drgal9-L1 could bind to in the 

absence of or in addition to fibronectin. It is well established that a variety of glycosylated 
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macromolecules (e.g., glycoproteins and glycolipids) are exposed at the cell surface and can 

function as galectin ligands.  In Chapter 3 I showed that Drgal9-L1 binds to selected 

glycoproteins commonly displayed at the cell surface, including fibronectin, b1-integrin, and 

CD147. In Chapter 5 I tested binding of IHNV virions to the purified proteins and found that the 

virus attached to fibronectin and β1-integrin, but not CD147. The presence of these glycoproteins 

on the EPC cell surface was confirmed through both western blot and IF imaging, these 

observations identified β1-integrin as a potential new receptor for IHNV at the fish epithelial cell 

surface. The rabies virus, which is also a rhabdovirus, binds to β1-integrin and its interaction 

with the receptor was shown to be fibronectin dependent (38–40). Importantly, we showed that 

Drgal9-L1 can enhance the attachment of IHNV to purified β1-integrin in a similar manner as for 

fibronectin. The Drgal9-L1 mediated increase in binding could be inhibited with lactose and 

PNGase F treatment of β1-integrin but not sucrose indicating it was a carbohydrate dependent 

and specific interaction. Inhibition of this enhancement effect by specific antibodies and siRNA 

demonstrated that β1-integrin can function as a receptor in the epithelial cells. siRNA 

knockdown of β1-integrin at 120 h on the EPC cell surface did decrease Drgal9-L1-mediated 

crosslinking of IHNV but the difference was not statistically significant. Shaui et al., (2020) 

observed a significant decrease in rabies virus attachment and entry with siRNA knockdown of 

β1-integrin. Further optimization of siRNA incubation time and concentration, and an increase in 

the number of replicates will contribute to investigate the effect of silencing of the β1-integrin 

gene expression on IHNV attachment.  

Finally, I showed that although IHNV virions do not attach to purified CD147, the presence 

of Drgal9-L1 results in strong IHNV crosslinking to this glycoprotein, suggesting that the 

galectin is capable of mediating IHNV attachment to galectin ligands at the cell surface that 
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would function as de novo viral receptors. Drgal9-L1-mediated crosslinking of IHNV to CD147 

could be inhibited with lactose and PNGase F treatment but not sucrose indicating it is a 

carbohydrate-dependent and -specific interaction. In summary, these observations have identified 

(a) β1-integrin as new receptor for IHNV attachment, and (b) CD147 as de novo receptor, only 

functional for IHNV attachment in the presence of Drgal9-L1. An siRNA triple knockdown of 

fibronectin, β1-integrin, and CD147 would provide further insight into the mechanism of 

galectin-mediated viral attachment to EPC cell surface receptors.  

D. Epidermal mucus hinders IHNV attachment to the epithelial cell surface and DrGal9-L1 
enhances the protective effect. 

 
Mucus is the first line of defense against pathogen infection in teleost fish. There is some 

evidence to support mucus as a source of IHNV transmission, but limited research has been done 

(4, 39, 40). We had previously observed that when IHNV was pre-incubated with Drgal9-L1 

there was a significant increase in IHNV attachment to the fish epithelial cell surface, that 

resulted in enhanced infectivity, as observed in plaque assays. As the fish epithelia in mucosal 

surfaces such as skin, gills and gut are normally coated with a continuous layer of mucus, in this 

thesis we examined the potential role of zebrafish epidermal mucus on the modulation of IHNV 

attachment by zebrafish galectins.  We first showed that Drgal9 is present and active in the 

zebrafish epidermal mucus. Using biotinylated plant lectins, we glycotyped the mucus and 

identified multiple glycans that carry Gal1-4GlcNAc moieties that are specifically recognized by 

Drgal9. We also confirmed that mucus components that are cross-reactive with the EPC cell 

surface ligands fibronectin, β1-integrin, and CD147 are also present in the epidermal mucus.  

We observed that both IHNV virions and purified Drgal9-L1 bind to immobilized mucus, and 

that these interactions are carbohydrate-dependent and specific as they could be inhibited with 

lactose but not sucrose. To assess the potential role of zebrafish epidermal mucus in the observed 
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Drgal9-L1-mediated enhancement of IHNV attachment and infectivity of fish epithelial cells we 

established an in vitro model that examined the capacity of mucus to inhibit IHNV attachment 

and plaque formation by IHNV on a monolayer of EPC cells. When EPC cells were coated in 

increasing concentrations of mucus there was a significant decrease in Drgal9-L1 mediated 

attachment of IHNV to the cell monolayer. This effect was also observed in a plaque assay 

where increasing concentrations of mucus was able to inhibit the Drgal9-L1 mediated 

enhancement of IHNV formation of plaques. These observations strongly suggest that Drgal9-L1 

crosslinks IHNV virions to the mucus glycans recognized by the galectin, and immobilize them 

within the mucosal matrix, thus preventing access of the virus to the epithelial cell surface.  

These findings support the protective role of mucus against infection(83, 185). Mucus 

composition is impacted by a variety of environmental factors including pH, salinity, pollution, 

microbial exposure (186). The impact of these environmental factors become more acute in the 

enclosed high-density aquaculture setting, to which it should be added the integrity of the skin 

mucus layer that may be compromised by mechanical trauma.  Further research could explore 

the impact of mucus composition and mucus layer integrity on galectin-mediated cross-linking of 

IHNV to the skin surface.  

E. Drgal1-L2 and Drgal9-L1 have contrasting effects on IHNV attachment to the host 
epithelial cell surface. 

 
For the final chapter of the thesis, and based on our observations on Drgal9-L1, I returned to 

the work done in our lab previously on Drgal1-L2 to explore the potentially comparable 

interactions between Drgal1-L2, IHNV and its cell surface receptor(s). I hypothesized that in 

addition to binding to the IHNV envelope peplomers and hindering their attachment and fusion 

to the host plasma membrane as we previously reported (21) , Drgal1-L2 may also inhibit IHNV 

attachment to the cell surface by binding to glycosylated cell surface receptors and hindering the 
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IHNV-receptor interaction.  All galectin classes form lattices by crosslinking ligands on the cell 

surface, which in the case of Drgal1-L2 could be an alternative mechanism to inhibit viral 

attachment. In the present study we observed that Drgal1-L2 bound to both purified glycoprotein 

receptors, fibronectin and β1-integrin, and that pre-incubation of the immobilized purified 

glycoproteins with Drgal1-L2 could significantly inhibit IHNV attachment. These results 

strongly suggest that Drgal1-L2- mediated inhibition of IHNV attachment by binding to and 

blocking viral access to cell surface receptors may constitute the alternative mechanism for anti-

viral defense.  

Taken together, the results of this study indicate that both Drgal1-L2 and Drgal9-L1 are 

present in epidermal mucus and have opposite effects on IHNV attachment to the epithelial cell 

surface. While Drgal1-L2 and Drgal9-L1 both bind to LacNAc moieties and have high affinity 

for branched N-linked glycans, they bind distinct glycan ligands (186).  Differences in the two 

galectins have been observed before, such as the T cell death pathway where both galectins 

require different ligands and receptors to initiate T cell death due to their carbohydrate domain 

specificity and valency(186). Structural differences may account for the opposing effects 

observed with IHNV. While galectin 1 subunits carry a single CRD and can homodimerize to 

form non-covalently linked dimers held together by hydrophobic interactions, galectin 9 has two 

similar yet distinct CRDs that are covalently joined by a peptide linker. It is possible that the 

glycan ligands on the EPC cell and viral surface are too distant to be effectively crosslinked by 

Drgal1-L2, but the presence of a peptide linker in Drgal9-L1 provides enough reach to the CRDs 

to bridge the IHNV virions to the cell surface glycans.  Alternatively, it is possible that the 

hydrophobic interactions that enable the Drgal1-L2 dimer assembly and are subject to a 

concentration-dependent equilibrium are relatively weak as compared to the covalently bound 
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CRDs in Drgal9-L1. This could result in the Drgal1-L2 dimer dissociating and the IHNV virions 

washed away from the mucus matrix or the cell surface in a hydrodynamic manner, by the 

environmental turbulence. Further research comparing the affinity of the isolated Drgal9-L1 

CRDs to Drgal1-L2 for glycan ligands on the virion peplomers and the epithelial cell surface, as 

compared to the association/dissociation affinity of the Drgal1-L2 dimer could provide insight 

into the opposite roles of these galectins as described above. 

Our results on the capacity of Drgal9-L1 to crosslink IHNV to fish epithelial cells and 

epidermal mucus, and the modulation of IHNV infectivity by the latter validate our in vitro 

model to reflect the in vivo situation under both normal and stressful conditions: while under 

normal conditions, the role of Drgal9-L1 would be to immobilize the virions into the mucus 

matrix and prevent their access to the epithelial surface, under stressful conditions qualitative and 

quantitative changes in the mucus layer would enable the Drgal9 -L1-mediated crosslinking to 

cell surface glycans, enhancing virus infectivity. Mucus secretion can be significantly diminished 

in quantity and quality under stressful environmental conditions including temperature, pH, 

hypoxia, salinity, and pollutants. Further, under the overcrowding conditions prevalent in high-

density aquaculture, breaches in the integrity of the mucus layer that protects the skin can occur 

by mechanical trauma, and enable pathogens to reach the fish epithelial surface and cause 

infection 

Based on the opposite effects of zebrafish galectins on IHNV attachment and infectivity we 

observed in this study, it is tempting to speculate that the relative expression/secretion of Drgal1, 

Drgal3, and Drgal9 by fish cells and their concentrations in epidermal mucus may also be 

modulated by stressful environmental conditions. It is noteworthy that preliminary results from 

an in vitro study carried out in our lab by a High School Summer intern (Ms. Cheyenne Palm, 
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River Hill High School, Howard County Public Schools System) showed that culturing EPC 

cells under stressful temperatures showed that Drgal9-L1 expression and secretion is enhanced 

relative to Drgal1 and Drgal3, suggesting that Drgal9 may overcome their protective inhibitory 

activity, making the fish more susceptible to viral infection. Thus, under stressful conditions, the 

interplay among galectins with contrasting functions and their glycosylated ligands in epidermal 

mucus, may be a critical factor that significantly contributes to modulate IHNV infection.  

 
III. Future Directions  

 
This thesis explored the role of Drgal9-L1- and Drgal1-L2-mediated enhancement and 

inhibition, respectively, of IHNV attachment to EPC cells in vitro.  The data presented here lays 

the foundation for future experiments with multiple receptor knockdown in EPC cell lines and 

combined galectin interactions in plaque assays. This strain of IHNV, 220-90, also infects 

zebrafish. Therefore, future work in our lab will establish an in vivo model of infection using 

zebrafish embryos, juveniles and adults by implementing molecular approaches such as siRNA 

knockdowns and CRISPR/Cas9 to genetically modify the fish. The in vivo model will also 

enable studies looking at the impact of environmental stress on density, pH and temperature on 

mucus composition, integrity of the mucus layer, differential expression and secretion of 

galectins, and viral infection.  The findings of this thesis have wide ranging applications for 

aquaculture, vaccine development, and a general model of galectin-modulated viral attachment.  
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