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ABSTRACT 

 To combat microbial invaders, immune cells elicit a range of potent antimicrobial 

effector responses coordinated by complex intracellular signalling events. These events are 

initiated by the engagement of cell surface-expressed proteins, termed immunoregulatory 

receptors, that bind to and recognize foreign bodies. The transduction of extracellular events 

across the cell membrane by immune receptors allows for fine-tuning of immunological 

responses against microbes and for the resolution of tissue injury.  

 Leukocyte immune-type receptors (LITRs) are a polymorphic and polygenic group of 

immunoregulatory proteins originally discovered in channel catfish (Ictalurus punctatus; 

IpLITRs) that share structural and phylogenetic similarities with mammalian members of the 

immunoglobulin superfamily (IgSF). IpLITRs contain both putative stimulatory and inhibitory 

receptor-types that regulate innate immune cellular functions through their cytoplasmic tail (CYT) 

regions, inducing both classical and unique intracellular signalling networks. Previous 

characterization of IpLITR-types has allowed our lab to examine how immune receptors associate 

with adaptor signalling molecules and form homo- and heterodimers, inhibit cellular cytotoxicity 

through classical and non-classical inhibitory components, induce differing modes of target capture 

and engulfment through an inhibitory receptor-type, as well as cross-inhibiting the phagocytic 

response using novel CYT signalling network mechanisms.  

 Our lab has identified new LITR-types within the zebrafish genome (Danio rerio; DrLITRs) 

that have been shown to be ubiquitously expressed during embryogenic development and zebrafish 

adulthood. While some of these DrLITR-types are indicative of classical stimulatory or inhibitory 

receptors, DrLITR 1.2 was discovered to contain both activating and inhibitory motifs (i.e., 
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immunoreceptor tyrosine-based activation motif; ITAM and immunoreceptor tyrosine-based 

inhibitory motif; ITIM) within the same receptor CYT. This arrangement is unusual as these motifs 

typically exist on separate stimulatory (i.e., ITAM-containing) or inhibitory (i.e., ITIM-containing) 

immunoregulatory receptors that co-engage to fine-tune cellular signalling and effector responses. 

My overall objective in this thesis was to examine the role both an ITAM and an ITIM play in 

controlling DrLITR-mediated signalling. My research aims were, i) to create DrLITR 1.2 as well as 

motif dysfunctional receptor constructs to generate DrLITR-expressing AD-293 cells, ii) to use these 

newly created construct-expressing cells to examine the phagocytic capacity of DrLITR 1.2 using a 

flow cytometric phagocytosis assay, and iii) to examine the novel ITIM-dependent augmentation of 

DrLITR 1.2-mediated phagocytosis.  

 My results show that engagement of DrLITR 1.2-expressing cells with phagocytic targets 

resulted in a robust phagocytic response dependent on the presence of a functional ITAM within the 

receptor CYT. In addition, I also show that the ITIM motif surprisingly enhances the overall 

phagocytic response of the receptor while simultaneously decreasing the receptor’s ability to bind to 

targets. Utilizing confocal fluorescence microscopy, I show that the ITIM-associated inhibitory 

signalling molecule SHP-2 is localized to the bead-cell interface during the phagocytic engulfment of 

targets relying on the presence of a functional ITIM within the receptor CYT.  Similarly, the ITAM-

associated stimulatory signalling molecule Syk was also shown to be recruited to the phagocytic 

synapse and was dependent on a functional ITAM. Using pharmacological inhibition profiling, I also 

show that DrLITR 1.2 uses signalling molecules indicative of other ITAM-containing receptors and 

that the ITIM may play a role in protecting DrLITR 1.2 from crosstalk inhibition. Overall, the data 

presented in this thesis provides the first functional characterization of teleost immune receptors 

containing both an ITAM as well as an ITIM within the same receptor CYT. This thesis uncovers 
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new information of how immunoreceptor tyrosine-based motifs fine-tune immunoregulatory 

receptor-mediated signalling responses.  
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CHAPTER I 

INTRODUCTION 

1.1 Overview 

 Innate immunity serves as a crucial first line of defence against the early stages of 

microbial invasion. Various innate immune cells spearhead the innate immune response by 

rapidly recognizing pathogen-associated molecular patterns (PAMPs) presented during 

infections. After binding these microbial-specific molecules using germline-encoded innate 

immunoregulatory receptors, immune cells are rapidly activated to execute potent effector 

responses (e.g., phagocytosis, degranulation, cytokine production, etc.) based on the immune cell 

type as well as the specific receptors that are bound (1). Recognition and binding of ligands by 

receptors results in the transduction of signals via intracellular recruitment and activation of 

various adaptor and effector molecules, which is mediated via signalling motifs contained within 

the cytoplasmic tail (CYT) regions of these receptors. Subsequently, signalling molecules are 

recruited, and a wide array of signalling networks and cascades are triggered that activate and 

regulate innate immune cellular effector responses. Previous characterization of immune 

receptors as either stimulatory or inhibitory was based on the presence of specific motifs within 

the receptor cytoplasmic tails. Specifically, receptors that contained an immunoreceptor tyrosine-

based activation motif (ITAM) were characterized as stimulatory, while immunoreceptor 

tyrosine-based inhibitory motif (ITIM) containing receptors were deemed inhibitory (2). 
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However, there is growing evidence, including that presented in this thesis, to suggest that 

ITAMs are able to induce inhibition while ITIMs are able stimulate signalling, in stark contrast 

to what these motifs were classically described to facilitate. 

  Mechanisms of receptor-mediated control of innate immune cell effector responses are 

well-studied in mammals but less so in other animals. Fish, amphibians, birds, and many 

invertebrate models have all been identified to contain evolutionary conserved innate immune 

receptor-types and intracellular signalling molecules critical for the detection and destruction of 

pathogens (1,3,4). Our lab has extensively studied the leukocyte immune-type receptor (LITR) 

family, initially discovered in channel catfish (Ictalurus punctatus), as a teleost immune receptor 

model system for understanding the regulation and control of innate immune effector responses 

(5). This highly polymorphic and polygenic family shares phylogenetic similarities with various 

mammalian immune receptor-types including Fragment crystallizable receptors (FcRs), FcR-like 

(FCRLs), and immune proteins encoded in the leukocyte receptor complex (LRC) (5,6). 

Examination of LITRs by utilizing a heterologous expression system, whereby immune receptor-

types are transfected onto the surface of cell lines, has allowed our lab to make observations on 

how immune receptor-types are able to regulate cellular signalling as well as innate immune 

effector responses. For example, the examination of the ITAM-containing receptor IpLITR 2.6b 

within a mammalian myeloid cell line (RBL-2H3) allowed for observations on how this 

receptor-type is able to recruit signalling adaptor proteins and form receptor hetero- and 

homodimers (7) while also inducing phagocytosis (8–11), degranulation (8) and cytokine release 

(12). In addition, our lab has also documented how the ITIM-containing putative inhibitory 

receptor IpLITR 1.1b was able to inhibit natural killer (NK)-like cell cytotoxicity both 

independent and dependent on the recruitment of Src-homology 2 (SH2)-containing protein 
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tyrosine phosphatase (SHP)-1 to the receptor ITIMs (13). Co-expression of the inhibitory 

receptor IpLITR 1.1b into the same non-immune cell line (AD-293) as the stimulatory receptor 

IpLITR 2.6b displayed IpLITR 1.1b-mediated crosstalk inhibition of cell activity by dampening 

the phosphorylation of signalling molecules (14). In addition, it was also observed that both the 

CYT proximal and distal regions of IpLITR 1.1b contributed to the recruitment of C-terminal 

kinase (Csk) and SHP-2, respectively, for the sustained, coordinated inhibition of cellular 

signalling and effector responses. In contrast to the inhibitory functions observed for this ITIM-

containing receptor, when IpLITR 1.1b was transfected into a myeloid cell line (RBL-2H3), it 

was observed that this receptor-regulated the formation of filopodia-like protrusion form the cell 

membrane that helped facilitate an ITAM-independent mode of target phagocytosis, 

demonstrating the first characterization of functional plasticity of a teleost ITIM-containing 

receptor (9–12).  

 Recently, our lab has discovered several new teleost LITR-types within the zebrafish 

(Danio rerio) genome (15). While some of these receptor-types were reminiscent of classical 

putative inhibitory and stimulatory receptors, a certain subset contained non-classical 

arrangements of signalling motifs within their CYT region. Specifically, DrLITR 1.2 contains an 

unusual ITAM and ITIM combination within the same receptor tail. The presence of two 

bonafide classically opposing signalling motifs within the same receptor suggests that the 

combination of both motifs influences the signalling capabilities of the receptor. Specifically, the 

presence of the ITAM within the receptor suggests that possible stimulatory-associated 

molecules are recruited to the ITAM to induce stimulatory signalling and cellular effector 

responses reminiscent of other ITAM-containing receptor types (e.g., Dectin-1, CR3, and FcγR) 

(16,17). However, the ITIM within the same receptor CYT may also recruit inhibitory associated 
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signalling molecules to the ITIM, dampening the overall level of signalling, therefore inducing a 

weaker cellular effector response, important in the prevention of overstimulation and 

autoimmune diseases (18,19). Thus it was initially hypothesized that inducing DrLITR 1.2 with 

phagocytic targets would result in an intermediate level of target engulfment compared to ITIM-

knockout mutants. To further understand the significance of receptors containing these two 

contrasting motifs, my thesis work focused on examining receptor-mediated signalling regulation 

during the induction of the phagocytic response. 

1.2 Objectives 

 The main objective of this thesis was to examine the signalling capabilities of newly 

discovered DrLITR-types with a focus on understanding the purpose of tandem ITAM and ITIM 

motifs within the DrLITR CYT regions. The specific aims of my research were: i) generate wild-

type DrLITR constructs as well as motif dysfunctional mutants for the creation of DrLITR-

expressing AD-293 cell lines, ii) utilize newly created DrLITR-expressing cells to examine their 

phagocytic phenotype in a flow cytometric phagocytosis assay, and iii) characterize the novel 

ITIM-dependent augmentation of DrLITR 1.2-mediated phagocytic response.  

1.3 Outline 

 Chapter II is an overview of literature relevant to the topics covered in this thesis. In this 

chapter, I initially provide information regarding the immune system with a focus on innate 

immunity. I then review immunoregulatory receptors in teleost fish and focus on studies 

characterizing IpLITRs. To conclude, I then switched my focus to zebrafish as an immune 

model, including information on recently discovered DrLITRs. Chapter III is a detailed 
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description of the research techniques, reagents, and methodologies used to complete the 

research described in this thesis. In chapter IV, I used a heterologous expression system as well 

as a flow cytometric phagocytosis assays to test the hypothesis that the ITIM motif dampens the 

signalling capabilities of the ITAM-containing receptor DrLITR 1.2. My results showed that not 

only does DrLITR 1.2 induce a potent ITAM-dependent mode of phagocytosis, but the ITIM 

motif enhances the overall phagocytic capacity of the teleost receptor. Chapter V uses 

fluorescence confocal microscopy as well as pharmacological profiling to establish the important 

signalling components used during DrLITR 1.2-mediated phagocytosis. My results support the 

hypothesis that components classically coupled with stimulatory (i.e., Src-family kinases (SFK), 

Spleen tyrosine kinase (Syk), phosphoinositide 3-kinase (PI3K), filamentous actin (F-actin) 

polymerization) and inhibitory (i.e., SHP-2) receptors are associated with DrLITR 1.2 during 

induction of the phagocytic response. I propose possible phosphatase-independent and 

phosphatase-dependent models for how SHP-2 may mechanistically enhance the signalling 

capabilities of DrLITR 1.2. In conclusion, chapter VI summarizes all the research findings in this 

thesis on how DrLITRs may expand our knowledge on immunoregulatory control of cellular 

effector responses, as well as future directions for this project. Chapter VII includes a 

bibliography of all the references used in this thesis.  
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Chapter II 

Literature Review 

2.1 Introduction to Innate Immunity 

 The immune system is a complex network of defence mechanisms aimed at protecting 

the body from microbes and helping maintain tissue homeostasis. There are two main branches 

of the immune system; innate immunity is composed of the intrinsic physical, cellular, and 

humoral components that recognize conserved features of pathogens to rapidly (within minutes 

to hours) activate innate immune cells and proteins for the destruction of invaders (4,20). In 

contrast, adaptive immunity provides long-lasting defence that organisms develop after initial 

pathogen infection. Adaptive immune cells (T and B cells) respond to initial invaders slower 

than cells of the innate immune system (1-2 weeks). However, the adaptive immune system 

executes rapid antimicrobial responses against secondary infections of previously encountered 

pathogens (20). Memory B-cells become activated upon stimulation of antigen previously 

encountered by their naïve progenitor, resulting in proliferation and differentiation into plasma B 

cells where they begin to secrete immunoglobulin (Ig) proteins (i.e., antibodies) (21). Antibodies 

contain a variable region that recognizes and binds to specific antigens, such as those on the 

surface of pathogens, while also containing a fragment crystallizable (Fc) region recognized by 

immune cells through receptors on their surface (22).  

 While adaptive immunity mounts an effective long-term immune defence against 

recurring infections, innate immunity serves as a crucial first line of defence against the early 

stages of microbial invasion while also playing a role in the activation of the adaptive arm of 
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immunity (23). Physical barriers such as skin and mucosal membranes block microbial invasion, 

while humoral and cellular components are activated upon encountering microbes that have 

entered the body, which engage microbial threats once the physical barriers are breached. In 

mammals, innate immunity and its cellular effectors (i.e., macrophages, natural killer (NK) cells, 

neutrophils) have been thoroughly studied and accepted to be evolutionarily conserved amongst 

vertebrates (24). Innate immune cells trigger potent antimicrobial responses following 

recognition of pathogen-associated molecular patterns (PAMPs) through germline-encoded 

pattern recognition receptors (PRRs), resulting in cellular activation leading to phagocytosis, 

degranulation, and cytokine secretion that are initiated based on the type of ligand bound and the 

associated immune cell(s) involved. As an example, PAMPs presented during infection with 

bacteria, viruses, and fungi, can be recognized by a series of PRRs called toll-like receptors 

(TLRs). These highly conserved immune proteins, originally discovered in Drosophila 

melanogaster, have homologues expressed in a wide range of organisms including C. elegans, 

lamprey, chickens and humans (25,26).  

 Ligands that induce receptor-based signalling are not always sourced directly from the 

invading pathogens; compartmentally segregated ligands from the host, upon cellular damage 

and/or cell death, can become available for the binding and induction of a specific subset of 

PRRs on immune cells such as macrophages (27). Endogenous danger-associated molecular 

patterns (DAMPS) from damaged, dead, or stressed cells can come from a verity of sources and 

include molecules such as heat-shock proteins (HSPs), histones, and S100 proteins, to name a 

few (28). DAMPS, in a similar fashion to PAMPS, can activate immune cells such as 

neutrophils, macrophages, and dendritic cells, resulting in the production of cytokines and 

chemokines, which further elicit the recruitment and activation of immune cells.  
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 To better protect host organisms from pathogens, all innate immune cells (i.e., 

macrophages, neutrophils, dendritic cells, NK cells, mast cells) have been found to express 

immune receptors, such as TLR-types, both intracellularly and extracellularly. Endothelial cells 

in blood vessels and mucosal epithelial cells also express TLRs, leading to the understanding of 

the importance of these immune receptors in clearing infection and inducing pro-inflammatory 

responses in infected organisms (29,30). Their ability to serve as vital innate sensing receptors is 

in part due to their unique abilities to sense and activate due to ligands associated with the 

presence of invading pathogens. For example, TLR3 is an endosomal receptor that specifically 

binds to double-stranded RNA (dsRNA), a molecule associated with viruses and viral infection 

(25). Upon binding of dsRNA, TLR3 induces downstream activation of the transcription factor 

interferon regulatory factor (IRF)-3, and by extension, the poly-peptide type I interferons, which 

causes antimicrobial defence against viral infection (31,32). In addition to being one of the first 

discovered TLRs in humans, TLR4 is a plasma membrane-bound receptor that is well known to 

recognize and bind to lipopolysaccharides (LPS) found on the outer membrane of Gram-negative 

bacteria (25,33). TLR4-LPS binding and activation occur through complex formation with a 

series of proteins. The soluble protein MD-2 directly associates with TLR4 and is suggested to 

be in direct contact with LPS as MD-2 can complex with LPS in the absence of TLR4 (34,35). 

LPS binding protein (LPB) associates directly with LPS and facilitates interactions between LPS 

and the glycosylphosphatidylinositol-anchored protein CD14 (35). From there, CD14 can 

directly transfer LPS to TLR4/MD-2 and mitigates recognition and activation. LPS binding then 

leads to the induction of the MYD88 pathway, and NF- κB promoted transcription of 

proinflammatory cytokines (34,35). These immune proteins have been quintessential to the 
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survival of many organisms and highlight the importance of receptor-based recognition of insults 

for their rapid and efficient elimination.  

 One of the first physical barriers that pathogens must breach during infection is the skin. 

A series of stratified layers consisting of tightly packed epithelial cells connected by tight 

junctions form both the dermis and epidermis, whose primary role is to separate the internal and 

external environments, a feature shared by many vertebrates with specific changes arising from 

the adaption of organisms to their respective habitat (36,37). While the overall composition can 

differ, all vertebrates secrete a form of lubricant to help maintain the overall integrity of the 

external layers. In fish and amphibians, this layer takes the form of a mucosal membrane 

composed of glycoproteins and monosaccharides, while terrestrial animals secrete a lipid and 

glycolipid-based fluid (24,38). This does not imply that terrestrial organisms do not contain a 

mucosal barrier themselves. This vital feature conserved amongst vertebrates prevents the 

invasion of both ingested and air-borne pathogens from accessing entryways into the host 

(mouth, nasopharyngeal cavity, stomach, gills, etc.). A closer inspection of mucus reveals a wide 

range of characteristics that aid defences, such as antimicrobial peptides (AMPs), hydrolytic 

enzymes, and overall low pH (39,40). An example of AMPs is lysozyme (muramidase or N-

acetylmuramichydrolase), a small secretory enzyme well characterized for its antimicrobial 

properties (41). This small protein is associated with a wide range of organisms, including fish, 

amphibians, birds, and reptiles and has also been found in a wide array of rat, mouse, and human 

tissues; secreted by macrophages, epithelial cells, and glandular cells. This enzyme is best known 

for its activity against Gram-positive bacteria, hydrolyzing the links between peptidoglycan 

structural units resulting in bacterial lysis (41,42).  
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 While physical barriers in innate immunity are essential for preventing many infections, 

internal factors also play important roles in mitigating microbial invaders. Humoral factors make 

up a large section of innate immunity as soluble plasma components, helping remove apoptotic 

cells, pathogens and debris (43) while also acting as a bridge between the innate and adaptive 

arms of immunity (44). Originally named for its ability to “complement” antibodies’ 

antimicrobial properties, the complement system is a serum and membrane-based series of 

proteins which help opsonize, regulate, and induce inflammatory and lytic responses against 

potentially pathogenic organisms (45). Complement pathways have been well studied in 

mammal models; however, complement activation and opsonization have been previously 

characterized in teleost fish such as catfish (Ictalurus punctatus) (3). There are three main 

pathways for the complement system that has been well described in mammals. In the classical 

pathway, complement serine protease complexes associate with antibodies (IgG1 and IgM) that 

are opsonized on the surface of pathogens (24,45). Through a cascade of complement cleavages, 

complement protein C3 is cleaved into C3b (an opsonin) and C3a, a convergence point for all 

three complement pathways. C3b acts to identify the opsonized target with a molecular “tag,” 

leading to further complement cascading and assembly of a membrane-penetrating 

macromolecular pore (membrane attack complex; MAC), lysing the targeted pathogen. In the 

lectin pathway, an immunoglobulin-independent approach is used. PRRs such as mannose-

binding lectin binds to and recognize carbohydrates on the surfaces of bacteria, fungi, and 

viruses. PRRs can then complex with serine proteases and, in a similar fashion to the classical 

pathway, induce complement cleavage to ultimately converge onto the induction of C3 cleavage. 

The proposed alternative pathway is unique in that it is initiated by the spontaneous hydrolysis of 

natural serum C3 into an analogue C3(H20) (45). This form binds to and cleaves other factors 
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resulting in the formation of an alternative convertase which cleaves C3 into C3a and C3b. C3b 

in this pathway can bind to serum factors and be activated into the alternative convertase form, 

thereby amplifying the pathway. As a result, there are a multitude of inhibitory proteins that 

restrict this pathway to specific contexts in order to prevent continuous complement activation in 

healthy organisms (46).   

 In this literature review, I will talk about essential aspects of innate immunology 

regarding both mammals and teleost fish to add important background information for my 

research. My focus will be on the aspects of immunoregulation of effector responses in the 

context of immune receptors, their functions, and the nuances of signalling dynamics. I will 

follow this by talking about the knowledge our lab has obtained on the immune receptor family 

leukocyte immune-type receptors (LITRs) on immune signalling dynamics, originally discovered 

in channel catfish (Ictalurus punctatus). To conclude, I will talk about the discovery of LITR-

types in zebrafish (Danio rerio), the focus of my research, and their potential as a new 

immunoregulatory model. 

2.2 Immunoregulation 

 In immunity, the myeloid cell lineage consists mostly of the cells from the innate immune 

system, including granulocytes, macrophages, monocytes, and dendritic cells (4,24). Lymphoid 

progenitors differentiate into cells that make up the adaptive immune system, including T and B 

cells and their subsets. While natural killer (NK) cells originate from the lymphoid lineage, they 

are classically considered as innate immune cells due to their cytokine secretion and cytotoxic 

functions. Regardless of origin, immune cells from both lineages contain repertoires of cell 

immunoregulatory receptor-types that allow cells to translate extracellular cues (i.e., ligand 
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binding) into intracellular signalling events controlling immune cell effector responses (47). 

Immunoregulatory receptors are often expressed on the plasma membrane, where they transduce 

extracellular signals across the cell membrane for the cell to perceive the environment around 

them. In general, membrane-bound immune receptors contain an extracellular region that 

recognizes and binds to specific ligands outside of the cell and a hydrophobic amino acid (aa)-

rich transmembrane region that anchors the protein within the lipid bilayer (48). Intracellularly, 

immune receptors contain a cytoplasmic tail (CYT) region where various signalling molecules 

are recruited, typically through tyrosine-based binding events during receptor engagement, 

resulting in complex signalling molecule cascades that activate and regulate innate immune 

cellular effector responses such as degranulation, cytokine secretion, phagocytosis, cell-mediated 

cytotoxicity, and other various antimicrobial functions (49). 

2.2.1 Tyrosine-Based Stimulatory and Inhibitory Receptors in Mammals 

 Recognition and binding of ligands by immunoregulatory receptors results in receptor 

cross-linking and the transduction of signals via intracellular recruitment and activation of 

various adaptors and effectors, which is mediated via signalling motifs contained with the 

cytoplasmic tail (CYT) regions of these proteins. Here, various signalling molecules are 

recruited, and a wide array of signalling networks and cascades are triggered that activate and 

regulate innate immune cellular effector response (49). The structures and amino acid-based 

motif arrangements of the CYT directly influence the types of signalling molecules recruited 

following receptor activation and, therefore, the kinds of effector immune responses that are 

produced. Classically, short-tailed immune receptors are putatively stimulatory, inducing effector 

responses via charged residues within their transmembrane domains that couple with oppositely 

charged adaptor proteins (e.g., FcRγ and DAP12) (2,50). These adaptors contain 
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immunoreceptor tyrosine-based activation motifs (ITAM; amino acid sequence: 

[D/E]xxYxx[L/I]x(6−8)Yxx[L/I]) that, upon receptor engagement, are phosphorylated by Src-

family kinases (SFK; i.e., Lyn and Fyn) at tyrosine residues located within the ITAM (51). Src-

homology 2 (SH2) containing kinases, such as spleen tyrosine kinase (Syk), are then brought into 

proximity of sites of receptor engagement via their SH2 domain binding to phosphorylated 

ITAMs. This in turn, allows for Syk to be autophosphorylated and activated, which further leads 

to the activation of signalling molecules. Proteins such as phospholipase C gamma 1 (PLCγ) can 

convert phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2) into 1,4,5-trisphosphate (IP3), which 

initiate calcium mobilization, and diacylglycerol (DAG) for the activation of mitogen-activated 

protein kinases (MAPK) (52). While the process leads to two separate molecular pathways, both 

play roles in the activation of cell-mediated responses, such as cytokine production and 

degranulation. Another molecule that can be involved in ITAM-dependent receptor signalling is 

phosphoinositide 3-kinase (PI3K). PI3K can phosphorylate (PI(4,5)P2) into (PI(3,4,5)P2), 

allowing for an anchor point for other signalling molecules containing the pleckstrin homology 

(PH) domain such as PLCγ and protein kinase B (PKB/Akt), to be localized to the site of 

receptor engagement (53). Multiple different (and simultaneous) outcomes can result from the 

specific signalling pathways induced through the engagement of immune receptors. Examples 

include proinflammatory gene expression, antimicrobial enzyme activation, cytokine secretion, 

and the activation of the Arp2/3 complex that plays a role in F-actin polymerization and 

membrane remodelling required for target engulfment via a process called phagocytosis (54).  

 A group of receptors that contain members with ITAMs in their CYT are known as Fc 

receptors (FcRs) and are well known for their ability to bind to the Fc region of antibodies to 

induce proinflammatory responses (19). Members of the immunoglobulin superfamily (IgSF), 
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this group of receptors are expressed by a wide range of immune cells from both the myeloid and 

lymphoid lineages (48). Macrophages use FcRs to induce phagocytosis of opsonized targets, 

while NK cells have been shown to induce antibody-dependent cellular cytotoxicity (ADCC) 

through the engagement of stimulatory FcγR (i.e., FcγRIII) receptors with opsonized targets such 

as infected cells expressing viral proteins on their surface (55). In general, FcR receptors are 

named after the type of antibody that they bind to. The high-affinity IgE receptor, FcεRI, is 

found on the surface of mast cells and basophils. IgE is primarily localized in the tissue, unlike 

other isotypes, and is associated with regulating type I hypersensitivity reactions (56). IgA is 

expressed in a dimeric and monomeric form and is well known for its role in mucosal immune 

surveillance. While found at low concentrations within serum, IgA is primarily found within 

mucosal secretions from the gastrointestinal (GI) tract, tears, sweat, and saliva (57). Within the 

blood, IgA has been known to associate with FcαRI/CD89 on the surface of immune cells to 

elicit proinflammatory responses such as macrophage phagocytosis, and degranulation of 

basophils and eosinophils. Alternatively, IgA can be produced by plasma cells as a dimeric form 

bound by a J chain which attaches to the polymeric (pIgR) receptors on the basolateral side of 

epithelial cell membranes. IgA is then translocated to the luminal side of the membrane and 

released as secretory IgA (SIgA), where it is free to bind and neutralize threats before they make 

it to the epithelial cell layer (58). As touched on briefly above, FcγR is expressed on the surface 

of immune cells and binds to IgG antibodies, with restrictions to the type of immune cell that 

express the subtype of FcγR. For example, within the context of human FcRs, FcγRI only exists 

on macrophages, mast cells, neutrophils and dendritic cells; FcγRIIA is only expressed on 

myeloid cells while FcγRIIB is expressed on tissue macrophages, dendritic cells, and in low 

quantities on monocytes and neutrophils (59). FcγRIIIA exists on macrophages and NK cells, 
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while FcγRIIIB exists on the surface of basophils and neutrophils. FcγRI as well as FcγRIIIA are 

both activating subtypes of FcγR that require the association of the FcRγ subunit which contains 

an ITAM within the intracellular region of the protein during cell activation. FcγRIIA as well as 

FcγRIIC also contain an ITAM motif, however this motif is localized in the tail of the receptors 

and do not require the recruitment of the adaptor molecule during receptor engagement (60).  

While the FcR family has a wide range of receptor subsets with the ability to induce cell 

activation and immune effector responses, immunoregulatory mechanisms are needed to prevent 

the overstimulation of proinflammatory responses in healthy hosts.  

 In comparison to putative stimulatory receptors, long CYT receptor-types are associated 

with multiple different functional outcomes, again, based on their CYT amino acid 

arrangements. For example, inhibitory receptor-types are one such possible variation that are 

usually associated with immunoreceptor tyrosine-based inhibitory motifs (ITIM; amino acid 

sequence: [V/I/S/L]xYxx[L/I/V]) (2). These inhibitory receptor-types help regulate the cellular 

activation of stimulatory receptors (i.e., ITAM-containing receptors) and typically require 

colligation with stimulatory receptors to induce their inhibitory effects. Inhibitory receptors-

types are involved in multiple means of causing inhibition, including the recruitment of C-

terminal Src kinases (Csk) to Csk binding proteins (Cbp) that phosphorylate residues on SFKs, 

rendering them inoperable (61). Alternatively, inhibition can also be attributed to ITIM tyrosine 

phosphorylation and recruitment of SHP-1/SHP-2 and inositol phosphatases (SHIP) to tyrosine 

residues within the ITIM (usually in tandem), which facilitates the dephosphorylation of 

activated molecules ultimately halting their activity (61,62). A classic example of ITIM-

mediated inhibition involves an innate immune response mediated by NK cells, in contrast to the 

FcγR ITAM-dependent ADCC response. NK cells survey for abnormal cell phenotypes (e.g., 
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virally infected or damaged cells) through the engagement of ITIM-containing killer cell 

immunoglobulin-like receptors (KIR) to germline-encoded MHC class I molecules that exist on 

the surface of all nucleated cells (62,63). This engagement of ITIM-containing receptors allows 

for tolerance of normal cells while preferentially killing modified cells with abnormal or reduced 

MHC class I expression profiles associated with viral infections. The MHC molecule on the 

surface of healthy cells acts as the ligand for inhibitory-type KIRs, preventing cell-mediated 

cytotoxicity and killing. Virally infected cells have been known to down-regulate the MHC class 

I molecule on the surface of infected cells to evade the immune response of cytotoxic T cells 

(CTLs) (64). This defensive strategy prevents the interaction between the MHC molecule 

presenting viral peptides and the T cell receptor (TCR) that would result in the induction of 

cytotoxic effects. In addition to KIRs, other receptor-types are also observed to contain 

inhibitory motifs. While a range of FcγRs are stimulatory in nature due to the presence of the 

ITAM within their CYT, the FcγRIIB variant is the only FcγR to date that contains an ITIM 

within it’s CYT (52). This receptor has been shown to dampen the activating signals of 

other FcγR as well as B cell receptors (BCRs) by colligating together with stimulatory receptors 

through binding of antibody complexes (65,66). This aggregation of receptors causes the 

activation threshold of receptor-based signalling to increase, resulting in an overall dampening of 

cell activation, suppression of B cell antigen presentation, and even apoptosis of B cells due to 

engagement of FcγRIIB in the absence of BCRs (67).  

 Specific immunoregulatory receptor-types may also contain an immunoreceptor tyrosine-

based switch motif (ITSM; amino acid sequence: TxYxx[V/I]) within their CYT which can also 

serve to regulate the functions of stimulatory receptors (68). Just like the name suggests, ITSMs 

have been examined to elicit differing modes of regulation (i.e., inhibition and activation) based 
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on factors such as cell-type and available signalling molecules. For example, when a chimeric 

programmed death 1 (PD-1) protein receptor containing an ITSM motif was expressed on the 

surface of cluster of differentiation 4 (CD4) T cells (69), it was shown that PD-1 blocked T cell 

activation via the recruitment of SHP-1 and SHP-2 to the ITSM motif (69). In contrast, this motif 

has also been shown to recruit adaptor molecules such as SH2 domain protein 1A (SH2D1A) and 

EWS/FLI1 activated transcript 2 (EAT-2) (70), resulting in the activation of PI3K-dependent 

phagocytosis (68). The presence of specific immunoreceptor tyrosine-based motifs within the 

CYT of receptors results in specific molecules being recruited and activated during receptor 

engagement. This results in finetuning of the resulting signalling cascade, thereby influencing 

downstream signalling components and regulating cellular effector responses.   

2.2.2 Overview of Cellular Effector Responses in Innate Immunity 

 Myeloid cells are a fundamental part of the innate immune system that mediate 

proinflammatory responses to eliminate foreign entities and maintain homeostasis during 

primary pathogen challenge. These immune cells are involved in a wide range of cellular effector 

responses that are conserved across vertebrates and include cytokine secretion, degranulation, 

and phagocytosis. Granulocytes, as their name suggests, are cells associated with the release of 

granule-containing antimicrobial products for the killing and neutralization of targets. Tissue-

resident mast cell, as well as circulating basophil degranulation, occurs when antigen binds to the 

IgE/FcεRI complex, resulting in the release of leukotrienes, prostaglandins, and histamine, a 

central part of the allergy response (56). The most abundant leukocyte in the body, neutrophils, 

can phagocytose pathogens by engaging PRRs and Fc receptors on their surface. Activated 

neutrophils can also induce NADPH oxidase to create superoxide and their myeloperoxidase 

(MPO) to create other reactive oxygen species (71). Hypochlorous acid can also be produced in 
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the presence of hydrogen peroxide from hydrogen peroxide dismutase. These species produced 

by neutrophils can merge with the engulfed pathogen leading to its destruction. Alternatively, 

neutrophils can also create and secrete serine proteases, lysozymes, defensins, and cathepsins for 

a more directed attack against pathogens within the extracellular environment (72). While 

appearing in low amounts within the blood, eosinophils and basophils play a role in allergic 

reactions and the defence against pathogens. Eosinophils produce an extensive repertoire of 

components within their cationic granules, including eosinophil peroxidase, eosinophil cationic 

protein, eosinophil-derived neurotoxin, and many others (73).  

 As mentioned briefly above, NK cells and CTLs survey for virally infected or unhealthy 

cells via specific receptors (e.g., KIRs and FcR) by engaging non-self pathogen molecules, 

reduced self markers, or induced self-stress markers to destroy infected or damaged cells. Upon 

receptor engagement, NK cells adhere to the target cell initiated by integrin proteins (e.g., 

lymphocyte function-associated antigen 1; LFA-1) while forming the immunological synapse 

between the two cells (74). Granules formed within the NK cell fuse with the membrane and 

release the contents into the cleft; perforin can then bind to and form pores within the target cell 

membrane where granzyme serine proteases are able to enter the cell (75). Granzyme A can 

induce swift caspase-independent cell death (76) through mechanisms such as the production of 

reactive oxygen species (ROS), disrupts the mitochondrial electron transport chain (ETC), as 

well as translocation and release of nucleases into the nucleus (77). Granzyme B’s substrate is 

caspase 3, triggering the induction of the caspase cascade, resulting in apoptosis of the target cell 

(78).  
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 In addition to releasing granules, NK cells and CTLs can induce cell death through the 

engagement of death receptors, most notably the FasL transmembrane receptor. This receptor is 

stored in secretory granules and depends on cellular degranulation to be expressed on the surface 

of the immune cells (79). FasL engages with CD95 on the surface of target cells and activates the 

apoptotic signalling cascade; death-inducing signalling complex (DISC) is created and results in 

the activation of caspase 8 and 10, leading to a full caspase cascade and cell apoptosis (80).  

 In addition to the previously mentioned neutrophil-mediated phagocytosis and 

degranulation, other effector responses can be induced by neutrophils to contain pathogens. 

NETosis is the neutrophil-specific innate immune response characterized by the release of large 

web-like structures known as neutrophil extracellular traps (NETs) facilitated by the death of the 

neutrophil (81). Various pathogens induce this antimicrobial response (e.g., Staphylococcus 

aureus, Listeria monocytogenes) (82,83) as well as pathogen molecules (e.g., LPS, lipoteichoic 

acid) (84). Neutrophils, in response to pathogen stimulation, release decondensed chromatin (i.e., 

DNA and histones) combined with antimicrobial proteins such as MPOs, lysozymes, elastase, 

and antifungal calgranulin to immobilize and kill pathogens (85). The overall charge of the NETs 

allows for electrostatic interaction with pathogens resulting in their entrapment and destruction 

(85).  

 Inflammation is defined as the immune system's reaction to pathogens and other foreign 

entities with the goal of pathogen clearance and initiating the repair process characterized by 

tissue redness, swelling, pain, and heat (86). Cytokines are small proteins that are heavily 

involved in controlling a significant aspect of cellular processes, including inflammation. For 

example, Interleukin-1β (IL-1β), tumor necrosis factor-α (TNF-α) and interleukin-6 (IL-6) are 
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considered proinflammatory cytokines and stimulate the activation of intracellular signalling 

pathways (i.e., NF-κB, MAPK, Janus kinase (JAK)-signal transducer and activator of 

transcription; STAT) through the engagement of immune receptor proteins (87). IL-1β and TNF-

α have both been associated with cell proliferation and apoptosis, while TNF-α itself has been 

shown to prime macrophages for the production of nitric oxide and enhance its phagocytic 

abilities (87). While inflammation is a fundamental part of pathogen clearance, chronic 

inflammation can result in severe tissue damage, disease progression, and even mortality. As 

such, the resolution of inflammation must be a well-controlled and coordinated process. Major 

anti-inflammatory cytokines include (IL)-1 receptor antagonist, IL-4, IL-10, IL-11, and IL-13 

(86). While other cytokines have inhibitory effects, they depend on specific contexts and could 

be classified as either inhibitory or stimulatory (i.e., interferon-α, transforming growth factor β 

(TGF-β), IL-6). IL-10 is one of the more potent cytokines with anti-inflammatory properties, 

inhibiting activated macrophages and repressing their ability to release proinflammatory 

cytokines such as IL-1 and TNF-α (88).  

 Phagocytosis is the cell-mediated process of ingesting particles greater than 0.5 µm. 

While phagocytosis in unicellular organisms is used to uptake nutrients, it is a fundamental 

immunological process spread across vertebrates and invertebrates alike, allowing for the 

destruction of pathogens, apoptotic cells, and foreign objects as well as regulation of tissue repair 

(89,90). Phagocytosis is associated with a wide range of cell types and is significant for 

homeostasis, but only professional phagocytic immune cells can undergo phagocytosis to a high 

degree of proficiently, including macrophages, dendritic cells, and neutrophils (89). In general, 

phagocytosis is a temporal event with significant stages that occur during the process. Particles 

are detected by immune receptors on the surface of the phagocyte, internal activation of cellular 
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processes leading to the formation of the phagocytic cup, active internalization of the particle, 

formation of the particle-containing vacuole, and merging of the vacuole with lysosomes to form 

the phagolysosome for the destruction of the engulfed target (90). Phagocytic receptor-types on 

the surface of phagocytes can be classified into two main groups: opsonic and non-opsonic 

receptors. As mentioned above, non-opsonic receptors, such as C-type lectins and scavenger 

receptors, recognize PAMPS to induce phagocytes to engulf the targets. While TLRs are not part 

of the non-opsonic group, they contribute to enhancing phagocytic receptors (23). Opsonic 

receptors bind to and recognize opsonins (i.e., antibodies, compliment) bound to the surface of 

invading pathogens to induce efficient destruction of the tagged target. As mentioned above, 

FcγRs recognize IgG complexes resulting in membrane clustering and engulfment while 

simultaneously activating alternative cellular responses (91).   

2.2.3 Functional Plasticity of Immune Proteins  

 The presence of immunoreceptor tyrosine-based motifs (i.e., ITAM; stimulatory, ITIM 

inhibitory) within the CYT of immune receptor tails is generally how immune proteins are 

categorized (2). However, effector responses that are induced from the engagement of ITAM or 

ITIM-containing immune receptors do not always lead to activation or inhibition classically 

associated with these motifs. Instead, many receptor-types with ITAM or ITIM signalling motifs 

display both functional inhibition and activation associated with the same receptor, which is 

defined as functional plasticity. The binding avidity of ligands to receptor proteins also has been 

shown to act as a discriminator for the variability of signalling outcomes to regulate innate 

immune responses. For example, specific ITAM-containing receptors have displayed functional 

plasticity and are characterized by inhibitory modes of action termed inhibitory ITAM (iITAM). 

FcαRI can bind to antigen complexes of IgA to activate cellular responses. However, upon 
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binding non-antigen bound IgA monomers, FcαRI induces potent inhibitory responses through 

the recruitment and activation of SHP-1 to the ITAM (92). This interaction is fundamental in the 

control of immune responses by preventing tissue damage and returning immune cells to a 

resting state (18).  

 Another mechanism controlling functional plasticity is the presence of functionally 

competing motifs within the CYT of the same receptor type. For example, FcR-like (FCRL) 5 is 

an ITAM-like and ITIM motif-containing receptor that is expressed on a subset of B cells (93). 

When this receptor was co-ligated with the BCR, a reduced wave of calcium influx showed the 

role of FCRL5 in dampening B cell activation via the BCR. Disrupting the ITAM-like motif of 

FCRL5 caused a complete shutdown of cellular responses while mutating the tyrosine residue 

within the ITIM surprisingly led to enhanced calcium flux. The observations of dual potential 

signalling receptors suggest that the combination of signalling motifs within the CYT may 

dynamically modulate cell effector responses. 

 Another case of functional plasticity is shown for the human KIR2DL4 (CD158d), which 

contains a charged arginine amino acid residue within its transmembrane domain that results in 

recruitment of ITAM containing adaptors as well as a single ITIM motif within the CYT, 

reminiscent of inhibitory KIR receptors (94). Overall, the KIR2DL4 ITIM does not seem to play 

a role in NK-mediated cytotoxic effects, which is inhibited by co-ligation with inhibitory ITIM-

containing KIR receptors. However, when the stimulatory ability of KIR2DL4 is disrupted, the 

receptor can inhibit other stimulatory receptors, possibly by the recruitment of inhibitor 

molecules SHP-1 and SHP-2 that were shown to bind to the receptor.  
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 Overall, immune receptors are fundamental for cellular control over various effector 

innate immune responses that contribute to pathogen clearance and homeostasis. While 

immunoreceptor tyrosine-based motifs within immune proteins give context to signalling 

pathways used to control effector responses, there is more complexity to this regulation beyond 

the simple activation and inhibition definition of immune receptors.  

2.3 Teleost Immunoregulatory Receptors 

 In general, innate immune cell effector responses are conserved between fish and 

mammals; however, the immunoregulatory receptor-types and their associated signalling 

networks are not as well studied in fish. Functionally, teleost macrophages and B cells have been 

shown to perform phagocytosis (95), mast cells and neutrophils elicit degranulation (96,97), and 

fish neutrophils/NK cells induce cell-mediated cytotoxicity (98,99). While these responses in 

fish are similar to their mammalian counterparts, there are still large gaps in knowledge 

regarding how fish immunoreceptor networks control these responses. Recently, several fish 

immunoregulatory families have been discovered due to molecular cloning and the availability of 

teleost genomes. Their characterization is beginning to provide comparative immunologists 

further insights into how fish immunoregulatory networks initiate, inhibit, and control potent 

innate immune cell effector responses. 

2.3.1 Immunoglobulin Super Family (IGSF) 

 The IgSF is an extensive group of cellularly expressed proteins typically defined by the 

presence of one or more extracellular immunoglobulin-like domains, proteins characterized by 

an immunoglobulin fold composed of two antiparallel β-sheets with a disulfide bond that is 
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commonly found within the core to stabilize the structure (48,100). The IgSF consists of many 

related receptor groups (i.e., leukocyte Ig-like receptors (LILRs), FcRs, FCRLs, and KIRs) that 

display great diversity between, as well as within, individual groups, a feature that may have 

arisen as a result of evolutionary pressure to ever-changing pathogen ligands (101). Receptor 

groups, such as FcRs, that bind similar ligands are typically located clustered together within a 

number of chromosomes. MHC I binding receptors (e.g., KIRs and LILRs) are found on human 

chromosome 19q13.4 (102), while Fc binding receptors (e.g., FcRs) are located on chromosome 

1q21-23 (103). In many vertebrate model organisms (e.g., mice, birds, amphibians), studies have 

shown that IgSF members cluster in regions similar to that of human leukocyte receptor complex 

(LRC) and FcR complexes (104–108). Similar to what was mentioned previously with PRRs, 

IgSF members are germline-encoded and recognize a repertoire of pathogen molecules, 

opsonins, host proteins, and a variety of other ligands to fine-tune immune cell effector 

responses. Both myeloid and lymphoid cell lineages contain receptors from the IgSF with tightly 

controlled immune effector responses balanced by the presence of both activating and inhibitory 

receptor-types.  

2.3.2 Fish Immunoregulatory Receptors Belonging to the IgSF 

 Many of the identified immune receptors in teleost fish belong to the IgSF, with some 

teleost immune receptor groups sharing common features with the mammalian receptor families 

within the broader superfamily (48). However, further characterization of teleost immune 

receptors remains obscure due to the lack of identified ligands. In addition, the discovery of fish-

specific immune receptors families (e.g., novel immune-type receptors; NITRs) strongly 

suggests that immune function within teleost is fine-tuned via fish specific mechanisms and 

cannot be directly compared to mammal immunity (109). However, the characterization of these 
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fish immune receptors-types has led scientists to make discoveries and comparisons about 

vertebrate immune regulation.  

 Similar to section 2.2.1 above, IgA and IgM can be considered polymeric 

immunoglobulins (pIg) secreted at mucosal barriers to neutralize potential pathogens from 

entering the host (110). pIgs are secreted into the mucosa by binding to mammalian pIg receptors 

(pIgRs) on the basolateral side of cells and transcytosed via vesicles. The binding of pIgs to 

pIgRs requires the joining (J) chain, which links the Fc portions of two antibodies together. 

Many studies have shown that bony fish contain IgM within the skin and gut mucosa (111). The 

first pIgR in fish was identified in fugu which shared similar features to those from mammals, 

birds, and amphibians; however, the pIgR identified in fish contained low amino acid identity in 

comparison (112). Additional pIgRs were identified in common carp (Cyprinus carpio L.), 

zebrafish, range-spotted grouper (Epinephelus coioides), and trout (113–115). Fugu pIgRs are 

mainly expressed in the thymus, skin, gills, intestine and even in epithelial cells of the intestines 

and skin (112). Common carp pIgRs are primarily expressed in the liver, spleen, hindgut, and 

head kidney, while again, being observed in the epithelial cells of the intestines and skin (113). 

pIgRs, similar to most groups within the IgSF, contain extracellular Ig domains, a TM region, 

and a CYT having variable arrangements of amino acids. An interesting feature between pIgRs 

of different animal groups is that the number of Ig domains varies. For example, humans encode 

five Ig domains (110) while rabbits and bovines encode for three domains (116,117); even 

shorter still, teleost fish receptors only contain two Ig domains (112–114). Analysis of these 

features revealed that the D1 domain was responsible for binding pIg through non-covalent 

interactions and that this feature is conserved amongst mammalian species and species of 

chickens and Xenopus (118–120). Furthermore, the D5 region of pIgR also binds to pIg via 
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covalent bonds, a feature that is also conserved throughout mammals, birds, and amphibians 

(118). When examining the short extracellular domain of teleost pIgRs, the D1 is related to 

mammalian D1 domains while the proximal domain is related to the domains of other 

vertebrates, suggesting that the D1 domain is indeed required for basic pIg binding (118–120). 

However, this interaction for teleost fish cannot be confirmed as the D1 domains are not 

conserved between species, which may explain why there is little homology between mammalian 

and fish IgRs as stated previously. Another area of uncertainty is that the CYT region of teleost 

receptors do not match that of other animal species pIgR CYTs (118) although, it has been well 

known that teleost fish have robust mucosal immune responses that serve as an essential first line 

of defence in the aquatic environment (113). Thanks in part to cloning and transfection 

experiments, it is now known that fish polymeric IgM associates with pIgR facilitating the 

aforementioned mucosal transcytosis (112). 

 A putative teleost homologue of vertebrate FcR and FCRLs was also discovered during 

an investigation of available genome databases for channel catfish. IpFcRI is a receptor protein 

predicted to contain 3 Ig-like domains, although it lacks a transmembrane and CYT region, 

giving rise to the prediction that this protein is secreted or perhaps associates with adaptor 

molecules (121). Early protein modelling of IpFcRI suggested that the two distal Ig-like domains 

shared homology with other FcRs while also containing a putative Ig binding site (121). 

Quantitative polymerase chain reaction (Q-PCR) of peripheral blood leukocytes (PBL) indicated 

that granulocytes and lymphocytes expressed IpFcRI; however, it was also shown that tissue and 

cell type could individually alter the expression of IpFcRI (121). Using a recombinant IpFcRI 

expressed in an insect cell expression system, IpFcRI was confirmed to be a secreted protein 

while also being detected in catfish plasma using polyclonal antibodies (121). Even though this 
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protein is secreted, co-immunoprecipitation (co-IP) experiments revealed that IpFcRI binds to 

serum-derived fish IgM, indicating that it is a teleost FcμR (121).  

 NITRs are another receptor family originally discovered in pufferfish but have been 

identified in other teleosts such as channel catfish, rainbow trout, and zebrafish (109,122). 

Expression analyses of NITRs reveal that they are expressed in both myeloid and lymphoid cell 

lines, including catfish NK-like cells, T cells, macrophages, and B cells (122,123). Certain 

NITRs have also been classified as analogous to KIRs due to their ability to bind to allogeneic B 

cell targets while being expressed on NK-like cells (124). Typical NITRs possess one to two 

extracellular Ig domains, which have been characterized to be related to T cell receptors. They 

also contain a TM region and CYTs with variable lengths containing differing arrangements of 

signalling motifs (i.e., ITIM-like, ITAM-like, or both). Similar to putative stimulatory receptors, 

certain NITR-types contain a very short CYT with no signalling motifs but possess a positively 

charged aspartic residue that has been shown in vitro to recruit the adaptor molecule DAP12 to 

activate PI3K signalling (125).  

2.3.3 Channel Catfish (Ictalurus punctatus) Leukocyte Immune-Type Receptors (IpLITRs) 

 Teleost represents a large and diverse group of ray-finned fish that makeup about half of 

all living vertebrate species (126). This group of boney fish contains an assortment of innate and 

adaptive immune cells and immune cell receptors similar to that of mammals, as mentioned 

above. A representative of the group, channel catfish, has been an excellent model to 

characterize teleost immunity thanks in part to having leukocytes that do not require 

transformation to survive in culture for long periods, leading to the establishment of lymphoid 

catfish cell lines (5,48).  
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 TS32.15 and TS32.17 are catfish CTL cell lines that were created through immunizing 

outbred fish with alloantigen (B cells) (5,48). These cell lines were used to help generate an 

expressed sequence tag (EST) library, which resulted in the identification of three representatives 

of a new immune receptor family, IpLITR 1, IpLITR 2 and IpLITR 3. The three new receptors 

contain a variable number of extracellular Ig domains (four, three, and six, respectively). 

Looking at their CYT regions, IpLITR 1 includes two ITIMs, an ITIM-like, and an ITSM, 

suggesting that this receptor engages in inhibitory signalling (5,48). IpLITR 2 and IpLITR 3 have 

a short CYT attached to a TM region with an imbedded positively charged lysine residue. It was 

predicted that these two receptors required the recruitment of adaptor molecules to be expressed 

on the surface of cells to induce putative stimulatory signalling responses (5,48).  

 As confirmed by analysis of the zebrafish genome, the gene complex encoding IpLITRs 

is polygenic and polymorphic and is located on multiple separated chromosomes but still shares 

homology between them (5). Originally it was predicted that the formation of multiple LITR 

clusters was the product of gene duplication events, but the determination of the functions of 

these receptors within and between the clusters remains obscure. When comparing LITRs to 

other vertebrate models, multiple receptor genes are identified from various sources (e.g., birds, 

amphibians, and mammals) and included receptors-types from the IgSF such as FcRs, FCRLs, 

and members of the LRC. Teleost receptor-types such as pIgRs, NITRs and IpFcRI were 

interestingly not closely matched to LITRs during database searches, further cementing LITRs as 

a definitive receptor family. At the time of discovery and characterization, further analysis of the 

different Ig domains suggested that the domain distal regions (i.e., D1 and D2) were more 

closely related to proteins from mammalian FcR and FCRL receptors, while the domain 
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proximal regions (i.e., D3 and D4) were related to immune protein encoded within the 

mammalian LRC region (5,48).  

 To further characterize IpLITRs, expression analysis via northern blotting revealed that 

LITRs were highly expressed in the hematopoietic pronephros and the mesonephros (IpLITR 1 

and IpLITR 2) with low expression in the spleen and heart of channel catfish (5,48). Using RT-

PCR, it was found that IpLITR 1 and IpLITR 2 are expressed in a range of tissues, including the 

spleen, PBLs, kidney, gills, heart, liver, intestine, and thymus. Along with CTLs, IpLITRs were 

also shown to be expressed in catfish NK-like cells, macrophages, and B cells. Additionally, no 

expression of IpLITRs was observed in a non-immune cell, ovarian cell line indicating that this 

receptor family was mainly only involved in immune cell-based regulation. Upregulation of 

these receptors was also looked at 12 days post-stimulation of PBLs and cytotoxic T cells 

stimulation, resulting in an increased expression of IpLITR 1 and IpLITR 2 (127).  

 During RT-PCR testing to examine the expression of the LITR-types within catfish cells, 

multiple versions of the IpLITRs were observed (5,127). Cloning and sequencing of these 

expressed transcripts revealed multiple versions of stimulatory and inhibitory IpLITR-types, 

resulting in around forty sequenced LITR genes. Of those that were identified, a large majority 

of them were similar to IpLITR 2, containing a variable amount of Ig domains; however, the 

presence of short CYTs with charged TM regions was indicative of putative stimulatory 

receptors. Taking a closer look at the Ig domains of the identified IpLITRs, similar arrangements 

of the distal D1 and D2 regions were observed; however, they contained the most amino acid 

variability compared to the membrane proximal regions. This gave rise to the idea that, like most 

receptors within the IgSF, the D1 and D2 domains of the receptors function as the primary ligand 
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binding region (5,127). Using database comparison as well as homology modelling, it was 

predicted that representative IpLITRs contained similar key amino acid residues to that of 

leukocyte immunoglobulin-like receptor B1 (LILRB1) and that certain IpLITR-types could 

possibly bind to MHC I molecules.  

 Recent syntenic analysis in our lab was conducted to further examine the evolutionary 

relationship LITRs have with other mammalian immune receptors. It was shown that IpLITRs 

cluster together in large groups on chromosomes (e.g., goldfish chromosomes 3, 7, and 40) while 

also linked to other genes such as the signalling lymphocytic activation molecule (SLAM) family 

(6). Further analysis of the LITR Ig domains' phylogenetic relationship with mammalian 

receptors indeed confirmed the connection with the FCRL group. However, unlike previous 

claims about how proximal domains of IpLITRs shared relation to receptors encoded within the 

LRC complex, there was no clear evidence for this link between LITRs and mammalian Ig 

domains. While an LRC-like region was discovered within the zebrafish genome, LITR genes 

were not found in this region (6).   

 In summary, the use of the catfish immune cell lines has been instrumental in discovering 

a new immune receptor family distinct from those previously found. While it is clear that there is 

a phylogenetic relationship between this receptor family and those from mammals, the overall 

regulatory functions remain a mystery but provide an excellent model for examining the 

receptor-based control of cell signalling networks in fish. The following two sections will focus 

on using a heterologous expression system to study LITRs and a review of newly discovered 

LITRs in zebrafish. 

2.4 LITR-mediated Immunoregulatory Responses 
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2.4.1 Stimulatory IpLITRs Association with Intracellular Adaptor Molecules 

 Looking at the putative stimulatory IpLITR 2.6b, an isoform of the previously mentioned 

IpLITR 2, the presence of a short CYT region with a positively charged lysine residue gave rise 

to the prediction that this receptor binds to adaptor molecules upon receptor engagement to allow 

for its surface expression and subsequent stimulatory signalling (128). To test this hypothesis, 

human embryonic kidney (HEK-293T) cells were co-transfected with a hemagglutinin (HA), N 

terminally-tagged IpLITR 2.6b in addition to FLAG-tagged negatively charged catfish adaptor 

proteins (i.e., IpFcRγ, IpFcRγ-L, IpCD3ζ-L, or IpDAP12) which each contain a single ITAM 

motif within their CYT regions. Using flow cytometry and western blotting, it was shown that 

IpLITR 2.6b associated with IpFcRγ, IpFcRγ-L and IpCD3ζ-L and its association with IpFcRγ 

and IpFcRγ-L (not IpCD3ζ-L) resulted in an increase in cell surface expression of IpLITR 2.6b 

(128). DAP12, an adaptor that is commonly found to associate with other members of the IgSF, 

contains lysine residues in the TM region (51,129) that did not associate with IpLITR 2.6b (128). 

To further study IpLITR 2.6b-adaptor interactions and the requirement of residues within the TM 

regions of the proteins, the positively charged lysine residue within the TM region of IpLITR 

2.6b was mutated to either a positively charged arginine or an uncharged alanine residue (128). 

In addition, the negatively charged aspartic acid residue in the TM region of IpFcRγ-L was also 

mutated into an alanine. The mutations of the residues within the TM region of IpLITR 2.6b 

resulted in no disturbance in its ability to associate with the adaptor proteins. Surprisingly, this 

mutation enabled IpLITR 2.6b to interact with DAP12, which caused augmentation of the 

surface expression of the receptor. In contrast, the adaptor molecule IpFcRγ-L without the 

negatively charged aspartic residue could not associate with IpLITR 2.6b. This data suggests that 

unlike what is reported for mammalian stimulatory receptor-adaptor dynamics (129), IpLITR 
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2.6b does not need the positive charge within its TM region to bind to and associate with the 

adaptor IpFcRγ-L, however, the charge in the TM of IpFcRγ-L is crucial for its association with 

IpLITR 2.6b and its function (128). These experiments also showed that IpLITR 2.6b formed 

heterodimer complexes with IpFcRγ-L and IpCD3ζ-L, a phenomenon also observed for FcRγ-

CD3ζ -dependent signalling transduction in mammals (130). In summary, these experiments 

confirmed that the putative stimulator receptor IpLITR 2.6b associates with ITAM-containing 

teleost adaptor molecules and provided new insight regarding the dynamics of this receptor-

adaptor interaction.  

 To functionally determine the signalling capabilities of the IpLITR 2.6b-IpFcRγ-L 

complex, a chimeric receptor was generated where the extracellular domains of IpLITR 2.6b 

were fused with the TM and ITAM-containing CYT region of IpFcRγ-L (8). This IpLITR 

2.6b/IpFcRγ-L (now referred to as IpLITR 2.6b) chimera was tagged with an N-terminal 

hemagglutinin (HA) tag, allowing it to be stimulated using anti-HA specific monoclonal 

antibodies (mAbs), followed by stable transfection and expressed of the chimera in the rat 

basophilic leukocyte cell line (RBL-2H3). When stimulated using anti-HA mAbs, IpLITR 2.6b 

was a potent inducer of RBL-2H3-mediated degranulation while mutating the functional tyrosine 

within the CYT ITAM into a non-functional phenylamine abrogated the response, confirming 

these responses are ITAM dependent (8). IpLITR 2.6b activation resulted in the phosphorylation 

of extracellular signal-regulated kinase (ERK) 1/2 protein as well as protein kinase B (Akt), 

which was, again, absent during the engagement of the mutated ITAM-containing receptor. 

Pharmacological inhibitors targeting key intracellular signalling molecules caused significant 

reductions of IpLITR 2.6b-induced degranulation via the disruption of Src family kinases 

(SFKs), Mitogen activated protein kinase (MAPK) kinase (MEK1 and MEK2), 
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phosphatidylinositol 3-kinases (PI3K), and protein kinase C (PKC) (8). In contrast, no significant 

degranulation was inhibited by p38 MAPK and c-Jun N-terminal kinases (JNKs) pathway 

inhibitors. IpLITR 2.6b transfected cells could also induce an ITAM-dependent mode of 

phagocytosis when cells were incubated with αHA opsonized 4.5 μm polystyrene beads as 

targets. This data was the first to show functional IpLITR 2.6b-mediated signalling events and 

indicated that this stimulatory IpLITR-type used classical kinase-dependent signalling cascades 

as well as an ITAM-dependent mode of phagocytosis.  

 Other functional outputs were also examined for further characterization of IpLITR 2.6b. 

During αHA crosslinking of the receptor, IL-3, IL-4, IL-6, and TNF-α were detected to be 

secreted using a cytokine screening profile along with increased phosphorylation levels of 

several signalling molecules downstream of IpLITR 2.6b activation, including ERK 1/2, MEK6, 

MSK2, Akt2, and ribosomal S6 kinase (RSK)1 (12). These responses were comparable to the 

stimulation of RBL-2H3 cells to endogenous IgE and suggested that IpLITR 2.6b signalling can 

induce multiple responses in RBL-2H3 cells.  

 As mentioned above in section 2.2.1, stimulatory receptors, such as FcRs, are well 

characterized in mammals and require the association of ITAM-containing adaptors to facilitate 

the further recruitment of signalling molecules to induce cellular effector responses such as 

phagocytosis (51). For example, the engagement of FcRs can result in the recruitment of the 

ITAM-containing adaptor FcRγ which is phosphorylated by SFKs, leading to the recruitment and 

activation of kinases such as Syk. From here, other downstream signalling molecules can be 

recruited and activated, including PI3K, Vav, Rho family GTPases (e.g., Ras-related C3 

botulinum toxin substrate; Rac1 and cell division control protein 42; Cdc42) resulting in the 
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activation of F-actin polymerization machinery to induce phagocytic cup formation during the 

early stages of phagocytosis (131,132). To observe the possible role that certain molecules have 

on the IpLITR 2.6b-mediated phagocytic response, another pharmacological inhibitor array was 

conducted during a flow cytometric-based phagocytosis assay (11). Overall the phagocytic 

response was blocked by inhibition of SFKs, Syk, PI3Ks, Akt, Cdc42, RAC1/2/3, MEK1/2, 

phosphoinositide-dependent kinase 1 (PDK1), PKC, and F-actin polymerization. Confocal 

microscopy of IpLITR 2.6b-mediated phagocytosis also confirmed the ability of these receptors 

to induce an ITAM-dependent phagocytic phenotype reminiscent of what is described for 

mammals (11,133). This data suggests that IpLITR 2.6b regulates ITAM-dependent phagocytic 

responses utilizing signalling molecules akin to the known mammalian FcR-mediated phagocytic 

pathway. 

2.4.2 Inhibitory IpLITRs Recruit Protein Tyrosine Phosphatases 

 As mentioned in section 2.2.1, inhibitory receptor-types typically contain long CYTs 

embedded with various signalling motifs, such as ITIMs, which attenuate stimulatory immune 

signalling through receptor recruitment and activation of inhibitory signalling molecules that 

dampen stimulatory signalling cascades and cellular effector responses (2). To investigate the 

inhibitory properties of certain putative inhibitory IpLITR-types, receptor chimeras were created 

through the fusion of the CYTs of IpLITR 1.2a or IpLITR 1.1b with the TM and extracellular 

domain of human NK receptor KIR2DL3 (134). As the natural ligand for LITRs are unknown, 

the use of the extracellular domain of KIR2DL3 and its ligand (i.e., HLA-Cw3) became a 

valuable tool to stimulate IpLITR-mediated signalling artificially. IpLITR 1.2a contains an ITIM 

along with an ITSM; IpLITR 1.1b, on the other hand, contains two ITIMs (Y477 and Y499) and an 

ITSM (Y503) within the membrane distal region of its CYT, in addition to a membrane proximal 
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region that does not contain a recognizable signalling motif, although three tyrosine residues 

(Y433, Y453 and Y463) are present (127,134). Following the transient expression of these chimeras 

in HEK-293 cells, both SHP-1 and SHP-2 were shown to be recruited to each receptor chimera 

following phosphorylation of tyrosines within their ITIMs, however, the membrane proximal 

region of IpLITR 1.1b did not recruit any phosphatases (134).  

2.4.3 Inhibitory IpLITRs Diminish NK-Mediated Cytotoxicity 

 The same inhibitory IpLITR chimeric constructs were transfected into mouse NK-like 

cells to assess the specific effects that putative inhibitory IpLITR-types have on lymphocyte-

mediated cytotoxicity (13). Using HLA-Cw3 expressing B cell targets in a cytolysis experiment, 

the focus of earlier studies was to establish if the putative inhibitory IpLITR CYT regions could 

inhibit cytotoxicity, and to identify what specific signalling pathways are utilized by these 

IpLITR-types. The possible signalling role of the membrane proximal region of IpLITR 1.1b was 

also examined, although it did not contain any ITIMs. Overall, it was shown that the CYT region 

of IpLITR 1.2a inhibited B cell killing through a SHP-dependent mechanism, however, while the 

CYT of IpLITR 1.1b was also able to inhibit cytolysis, the ability of the receptor to induce 

inhibition was not completely reliant on the ITIM recruitment of SHP-1 (13). For example, when 

chimeras were created and transfected that only contained the membrane proximal (IpLITR 

1.1bPROXIMAL CYT) or distal (IpLITR 1.1bDISTAL CYT) regions of IpLITR 1.1b CYT, it was shown 

that both IpLITR 1.1bDISTAL CYT and surprisingly 1.1bPROXIMAL CYT could both inhibit cellular 

killing responses. While IpLITR 1.1bDISTAL CYT inhibition of killing was dependent on SHP-1 

recruitment, 1.1bPROXIMAL CYT was not (13). It was determined that 1.1bPROXIMAL CYT induced 

inhibition through the presence of a series of amino acids that closely resemble the Csk binding 

motif consensus sequence, which was confirmed by coimmunoprecipitation. In mammals, Csk is 
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a kinase that inhibits cellular signalling through the phosphorylation of the negative regulatory 

site on SFKs, suppressing its catalytic activity (135). To summarize, inhibitory IpLITR types 

1.2a and 1.1b suppressed lymphocyte-mediated cytotoxicity through a SHP-dependent 

mechanism (13). However, IpLITR 1.1b also employs a unique SHP-independent mechanism 

through the binding of Csk to its membrane proximal region, which showcases that IpLITRs 

have versatile abilities for the regulation of immune cell effector responses. 

2.4.4 Inhibitory IpLITRs Demonstrate Functional Plasticity through Initiation of 

Phagocytosis 

 Similar to what was described above for the stimulatory receptor IpLITR 2.6b, the 

putative inhibitory receptor IpLITR 1.1b construct was also transfected and stably expressed in 

RBL-2H3 cells to further examine the receptor's ability to regulate immune cell processes (12). 

Surprisingly, it was shown that engagement of IpLITR 1.1b with the same αHA opsonized 4.5 

μm polystyrene bead targets resulted in phosphorylation of signalling molecules, including 

ERK1/2 and Akt while inducing a phagocytosis response that was independent of the recruitment 

of ITAM-containing adaptor molecules. When an IpLITR 1.1b construct containing no CYT 

region was transfected and stimulated, it was observed that while the construct was still 

expressed on the cell surface, the phagocytic response induced by CYT-containing receptors was 

abolished, indicating that this response was explicitly caused by its CYT region (12). The 

calcium chelator EDTA was later introduced to IpLITR 1.1b expressing cells, however, the 

phagocytic response was unaffected, in contrast to the diminishment seen with the addition of 

EDTA to the IpLITR 2.6b-expressing cell line. However, inhibition of actin polymerization 

using Cytochalasin D did halt the response, confirming that IpLITR 1.1b induces an F-actin-

dependent mode of phagocytosis (12). In direct comparison to these observations, IpLITR 1.2a 



37 

 

was also shown to induce a phagocytic response, indicating that the ITIMs and the ITSMs within 

both receptors may be responsible, for not only the inhibitory nature of these receptors, but may 

also indicate that ITIMs are more versatile in their signalling potential beyond purely being 

inhibitory. When observing IpLITR-mediated phagocytosis more carefully through microscopy, 

it was shown that 1.1b caused a unique mode of bead capture and engulfment with the formation 

of long filopodia-like protrusions emanating from the cell surface to bind to targets; an effect that 

was not observed for IpLITR 2.6b (11). It was also noted that unlike IpLITR 2.6b-induced 

phagocytosis, which readily engulfed many bead targets, 1.1b displayed a stalled phagocytic 

phenotype whereby most beads were only bound to the surface of the cells and not completely 

internalized. Furthermore, induction of phagocytosis by IpLITR 1.1b was not affected by 

incubation at sub-ambient temperatures (22°C), which again sets the 1.1b phagocytic phenotype 

apart from that of IpLITR 2.6b which was unable to consume bead targets below 27oC. From our 

previous studies, we have demonstrated that IpLITR 1.1b is a potent inhibitor of stimulatory 

signalling and cellular effector responses, including NK-like cell-mediated cytotoxicity as well 

as phagocytosis (13,14). This evidence of IpLITR 1.1 b's ability to induce an ITAM-independent 

mode of phagocytosis is the first description of a teleost ITIM-containing receptor`s ability to 

induce functional plasticity (12,131). While our lab has begun to unravel the inner mechanisms 

controlling this aspect, more research needs to be done to further reveal the conserved and 

divergent aspects of vertebrate signalling.  

2.4.5 Inhibitory IpLITRs Associate with Stimulatory Signalling Machinery to Facilitate 

Phagocytosis 

 IpLITR 1.1b has been observed to induce a unique ITAM-independent mode of 

phagocytosis facilitated by the formation of filopodia-like extensions. Early in our studies of this 



38 

 

model, it was proposed that within the distal region of the CYT of IpLITR 1.1b, the specific 

tyrosines embedded within the ITIM and ITSM motifs may recruit adaptor proteins to facilitate 

the signalling cascade for IpLITR 1.1b-mediated phagocytosis (12). The filopodia-like 

protrusions associated with IpLITR 1.1b are continuously expressed regardless of target 

availability which may be explained by its role of continuous surveying of the extracellular 

environment for targets (11). This would suggest that F-actin polymerization machinery are 

activated at a basal state and that signalling molecules may be continuously associated with 

IpLITR 1.1b.  

 As mentioned in section 2.2.1, ITSMs have been implemented to activate and inhibit 

cellular effector responses (68–70). Activation of signalling responses in cells has been shown to 

involve SHP-2, which, when recruited to receptor ITIM/ITSM, acts as a scaffold for the binding 

of molecules such as growth factor receptor-bound 2 (Grb2) (136,137). From here, Grb2 can 

associate with Grb2-associated binders (Gabs), which can bind to PI3Ks when phosphorylated, 

leading to further recruitment and activation of molecules for the induction of the phagocytic 

response (127,137,138). Alternatively, it has also been examined that Syk is able to bind to the 

CYT of receptors following phosphorylation of two tandem ITIMs to induce stimulatory 

signalling transduction, as seen with platelet endothelial cell adhesion molecule-1 (PECAM-1) 

(139). This hypothesis was indeed supported in further pharmacological trials where IpLITR 

1.1b-mediated phagocytosis was significantly dampened by SFK, Syk, and F-actin inhibitors 

(11). As mentioned previously, IpLITR 1.1b inhibited NK-like cell cytotoxicity (13) through 

phosphorylation and the recruitment of signalling molecules to the membrane distal and 

proximal regions. It was then proposed that since IpLITR displays such a distinct ITAM-

independent mode of phagocytosis, perhaps both the proximal and distal regions of the CYT are 
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also involved in regulating signalling mechanisms for actin polymerization. With the presence of 

a consensus sequence for the binding of a non-catalytic region of tyrosine kinase adaptor protein 

(Nck) within IpLITR 1.1b’s proximal CYT region (134), it was additionally proposed that Nck 

facilitates the binding of the WASp family verprolin-homologous protein-2 (WAVE2) complex 

resulting in the activation of the F-actin polymerization machinery (140). Co-

immunoprecipitation experiments confirmed that the proximal region of IpLITR 1.1b was 

associated with Nck1, Csk, Grb2, and Vav1 compared to the CYT membrane distal region, 

which bound to Syk, PI3K and SHP-2 (141). When examining the unique filopodia-like 

structures produced by IpLITR 1.1b transfected RBL-2H3 cells, it was shown that Nck, but not 

phosphorylated Syk (pSyk), colocalizes with the protrusions (9). While the functional relevance 

of these extensions is not fully understood, the observations that they enhance target acquisition 

would lead to the notion that there is a basal level phosphorylation of IpLITR 1.1b to facilitate 

Nck binding, which could result in the association of F-actin machinery to form these extensions. 

It was also important to note that both pSyk and Nck were recruited to sites of bead-cell contact 

at all stages of the phagocytic process, implying that both molecules are important in both the 

capture and engulfment mechanisms of phagocytosis.  

 Overall the association of IpLITR 1.1b with various signalling molecules suggests that 

while the membrane distal region of IpLITR 1.1b is possibly able to bind to Syk to induce an 

ITAM-independent mechanism for cellular activation, the membrane proximal region is also 

important to facilitate these functional outcomes, of which IpLITR 1.1b provides a new model 

for studying a unique mode of phagocytic control.   
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2.4.6 IpLITRs-mediated Crosstalk Inhibition of Phagocytosis  

 The dynamic nature of immune regulation consists of multiple signals converging to fine-

tune and establish the most appropriate response against encountered insults. As such, the notion 

that a single immune receptor-type is responsible for the sole mediation of immune effector 

responses is unreasonable, however, it is still an important tool to continue to analyze immune 

receptor signalling mechanisms specifically. As mentioned in section 2.2.1, long-tailed putative 

inhibitory receptors typically induce their regulation via the colligation with activating receptors 

(2,61). During co-engagement, inhibitory receptors recruit inhibitory-associated molecules (e.g., 

SHP-1/2) near stimulatory effectors resulting in an overall dampening of cell signalling cascades. 

For example, IpLITR 1.1b can illicit an ITIM-dependent and -independent mechanism for the 

inhibition of NK-like cell killing (13). Catfish immune cells have been previously shown to co-

express both putative inhibitory and activating LITR-types with similar amino acid identity 

within the distal region of the Ig domains between receptors, indicating possible similar ligand 

binding (127). It was then hypothesized that putative inhibitory and stimulatory IpLITR-types, 

when co-engaged, could crosstalk to regulate immune effector responses (14). To examine this, 

AD-293 cells were stably co-transfected with HA-tagged IpLITR 2.6b and FLAG-tagged IpLITR 

1.1b. αHA and αFLAG mAbs co-opsonized 4.5 μm fluorescent bead targets were added to cells 

to co-engage both sets of catfish receptors for crosstalk, which was then analyzed using a flow 

cytometric phagocytosis assay. These studies found that co-engagement of both receptors led to 

an overall dampening of the phagocytic response compared to the robust engulfment of targets 

seen when IpLITR 2.6b is engaged without IpLITR 1.1b. This indicated that IpLITR 1.1b is 

responsible for inhibiting IpLITR 2.6b-mediated phagocytosis when the receptors are co-

engaged to targets (14). Site-directed mutagenesis was then used to create strategic CYT 
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proximal (IpLITR 1.1bPorx CYT) and distal (IpLITR 1.1bDistal CYT) dysfunctional mutant IpLITR 

1.1b constructs. When IpLITR 1.1bDistal CYT was co-engaged with IpLITR 2.6b, no inhibition was 

observed, and target beads were engulfed comparable to the phagocytic response seen for the 

IpLITR 2.6b engaged with targets alone. IpLITR 1.1bPorx CYT was able to induce inhibition of 

IpLITR 2.6b-mediated phagocytosis equivalent to IpLITR 1.1wt CYT; however, when observed 

over time, IpLITR 1.1bPorx CYT was unable to sustain inhibition and resulted in IpLITR 2.6b-

mediated engulfment of targets when cells and beads were incubated together for more extended 

periods of time (14). It was theorized that similar to characterization studies in mouse NK-like 

cells (13), Csk was possibly being recruited to the membrane proximal region and playing a role 

in sustaining IpLITR inhibition (14). Microscopy and co-immunoprecipitation revealed that 

indeed Csk was being recruited to the membrane proximal region of IpLITR 1.1b. It was also 

observed that the membrane distal region was able to recruit SHP-2 and was most likely 

responsible for the attributed inhibition seen. Interestingly, SHP-2 recruitment to IpLITR 1.1b as 

well as dampening of phosphotyrosine signalling is dependent on the crosslinking of IpLITR 

1.1b and IpLITR 2.6b, and that singular engagement of 1.1b did not result in SHP-2 recruitment. 

It is suggested that perhaps a feedback loop is created for ITAM-associated phagocytosis in that 

IpLITR 2.6b activation is required for its own inhibition by recruitment of kinases for possible 

phosphorylation of residues within the ITIM-containing receptor IpLITR 1.1b. 

 In conclusion, IpLITR 1.1b-mediated control of phagocytosis is dependent on the 

recruitment of key signalling molecules that can dampen stimulatory signalling during receptor 

crosstalk. IpLITR 1.1b can also dynamically control inhibition through the recruitment of 

molecules to specific regions within its CYT, highlighting new mechanisms of teleost-based 

receptor control of effector immune responses.  
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2.5 Zebrafish (Danio rerio) as a Research Model 

 Zebrafish has been a model organism in many biology fields and have been used in 

various research ranging from behavioural perception and cognitions studies in the 1960s (142) 

to more recent studies in genetics using CRISPR-Cas9 genome editing (143). Regardless of the 

field of study, rapid generation time, ease of care, a fully annotated genome, and similar tissue 

and organ structure to mammals make zebrafish an excellent comparative experimental model 

system (144). This is no exception for immunological studies, as adult zebrafish contain 

complete immune systems with adaptive and innate immune branches (145). The zebrafish 

model also offers a separation of the immune system whereby only innate immunity is present 

early on in embryogenesis, while the adaptive system is fully functional by 4 - 6 weeks post 

fertilization (wpf). Even in embryos, zebrafish have been shown to possess important innate 

immune cells similar to mammals. For example, besides containing neutrophils that aid in the 

resolution of wound inflammation (146), macrophage-like cells have been described to 

phagocytose bacteria (147). Macrophage cells have been detected in zebrafish as early as 

erythrocytes and migrate to sites of intravenous injection, where they engulf and destroy large 

quantities of bacteria. The detection of migrating macrophages within zebrafish has also been 

observed in infected body cavities isolated from the main blood supply. Similar to mammals, 

zebrafish macrophages also become activated in the presence of insults, however, only a portion 

of macrophages were detected to be activated in areas of bacterial infection (147). Many immune 

genes and proteins of zebrafish are homologous to that of mammals, such as interferon 

responsive genes (e.g., psmb9, immunity-related GTPases (IRGs), and ifn itself), which were 

upregulated in the presence of IFN-γ1 and IFN-γ2 (148). Further examination also found that 

IFN-γ signalling is crucial for the resistance of bacterial infection in zebrafish embryos when a 
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decrease in the survival of ifn-γ-knockout embryos resulted during E. coli and Yersinia ruckeri 

infection. 

 A wide variety of immune genes and cell types have allowed zebrafish to be an excellent 

model for studying aspects of innate immunology. This also extends to zebrafish innate immune 

receptors-types found to contain members related to that of mammalian receptor families as well 

as novel fish-specific receptor families. Zebrafish have been found to contain approximately 

twenty-four TLR variants, of which ten are described to be orthologous to certain human TLR 

members (e.g., TLRs 2-5, 7-9) (149,150). Zebrafish TLR22 is closely related to the toll 9 gene in 

Drosophila melanogaster and is part of a fish-specific subfamily, while TLR21 is found in fish, 

amphibians, and birds. Of these identified zebrafish receptors, a proportion of them have been 

described as being possible spliced variants (e.g., TLR 4.1a and 4.1b), while others may be the 

result of gene duplications (e.g., TLR4.1 and 4.2). Downstream signalling molecules of TLR-

induction have also been characterized, including molecules such as MYD88, TRIF, IRF3 and 

IRF7 within zebrafish (151–153). NITRs are another receptor family that has been studied in 

zebrafish. As mentioned previously, these fish-specific members of the IgSF contain two Ig 

domains, a TM region, and tyrosine motif-containing CYT (154). Close to forty NITR genes 

spread across four receptor subfamilies were found to be encoded within zebrafish linkage group 

7 through radiation hybrid panel mapping, a technique used to characterize chromosomes by 

determining the distance between regions of interest. Regions flanking this cluster share 

similarities to the genomic regions within mouse chromosome 7 that contains conserved synteny 

to the LRC encoded region of human chromosome 19q13.3-q13.4 (154). Overall, zebrafish are 

an excellent model to study aspects of the vertebrate innate immune system thanks to features 

such as rapid growth, range of immune cells, and presence of immune genes similar to that of 
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mammals. Zebrafish containing both homologous and teleost-specific immune receptor families 

also establish zebrafish as a foundational platform for studying the immunoregulatory receptor-

mediated control of innate immune cell effector responses. 

2.5.1 Zebrafish LITRs 

 Five putative LITR-types from zebrafish were originally identified from an early 

assembly of the zebrafish genomes (15). However, it has been estimated that at least 137 LITR-

related Ig-like receptor domains are present in the zebrafish genome (155). Subsequent research 

in our lab further utilized zebrafish as a model to understand the potential role LITRs may play 

in vivo. Initial database searches were conducted using IpLITRs (i.e., IpLITR 1, IpLITR 2 and 

IpLITR 3) as query sequences for BLASTp searches with top matches being screened for the 

presence of extracellular Ig domains, TM regions, as well as CYT regions (15). Of the potential 

zebrafish LITR-types that were identified, four were chosen for further study due to their unique 

CYT characteristics and were named based on the chromosome they were identified on. For 

example, DrLITR 1.2 is located on zebrafish chromosome 1 (represented by the 1 before the 

period) and was the second LITR found on that chromosome (represented by the 2 after the 

period). Initial screening of receptors described DrLITR 1.2 and DrLITR 1.1 containing three Ig 

domains, as well as TM and CYT regions containing two contrasting signalling motifs, an ITAM 

and ITIM. This is a motif arrangement typically unseen in individual immune signalling receptor 

tails. DrLITR 1.1 was considered a partial sequence due to the absence of a signal peptide and a 

start codon. DrLITR 15.1 contains three extracellular Ig domains, a TM and a CYT with two 

tandem ITIM motifs as well as an ITSM (15), reminiscent of the IpLITR 1.1b distal domain 

(127). DrLITR 23.1 contains four extracellular Ig domains, a short CYT, and a TM region with a 

positively charged lysine residue (15). To confirm the expression of these DrLITR-types, RT-
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PCR was performed, where it was found that all the identified DrLITR-types were expressed in 

adult zebrafish as well as embryo development. Additionally, sanger sequencing was performed 

to confirm the structure of DrLITRs compared to database searches. Overall, DrLITR 1.1 and 

DrLITR 1.2 were similar (>95%) to the identified sequences from BLAST searches while 

DrLITR 15.1 was found to contain four Ig domains instead of the predicted three domains, and 

DrLITR 23.1 was found to contain a total of six Ig domains (15). Additional RT-PCR 

experiments were then performed using zebrafish cDNA extracted from different developmental 

stages (i.e., 0 hours post fertilization; hpf to 168 hpf), and it was shown that all the reference 

DrLITR-types were expressed throughout all the life stages of the zebrafish examined. 

Comparisons of the DrLITR sequences to other mammalian receptor proteins using position-

specific iterative (PSI) basic local alignment search tool (BLAST) revealed homology of 

DrLITRs to FcRLs and to that of IgSF members encoded within the LRC complex, including 

CEACAMs, SIGLECs and PSGs (15). As previously mentioned in section 2.3.3, IpLITR 

characterization studies originally found that IpLITRs were also distantly related to FcRs and 

FcRLs, as well as LRC-encoded receptors (5,127). However, unlike IpLITRs, there was no 

observed homology of DrLITRs to LRC-encoded LILRs or KIRs (15).   

2.5.2 DrLITR Expression Analysis 

 To examine DrLITR transcriptional activity, each receptor was examined for their 

expression in various zebrafish life cycle stages of development using qPCR (15). Specifically, 

zebrafish were intraperitoneally injected with zymosan (i.e., a fungal ligand for TLR2 and 

Dectin-1), and RNA was extracted at various time intervals to examine DrLITR expression 

changes during the course of induced inflammation. As a point of comparison for DrLITR gene 

expression, selected genes of key inflammatory molecules (i.e., IL-8, TNF-α, MPO, TLR22 and 
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C6) from various components of the innate immune system were chosen as these molecules have 

been well characterized for their pro-inflammatory functions in addition to identification of 

zebrafish life cycle stages these inflammatory markers appear during embryogenic development  

(156). For example, MPO is an enzyme secreted by neutrophils during degranulation to attack 

and destroy microbes, while gene expression has been reported to be detected within zebrafish 

embryos as early as 18 hpf (157). During testing, the gene expression of the inflammatory 

molecules were observed to generally increase slowly over embryonic development, with 

expression levels peaking around 1 day post fertilization (dpf) (15). This was also seen for the 

gene expression of DrLITR 15.1; however it was also shown that all of the DrLITRs examined 

(e.g., DrLITR 1.1, DrLITR 1.2, DrLITR 15.1 and DrLITR 23.1) were expressed as early as 1 

hpf. In comparison to the inflammatory genes, as well as DrLITR 15.1 expression, DrLITR 1.1, 

DrLITR 1.2 and DrLITR 23.1 expression levels peaked prior to 1 dpf and remained relatively 

low until 168 hpf (15). Interestingly, all DrLITR-type genes were expressed at significantly high 

levels in unfertilized eggs, indicating that these receptors may be maternally sourced. This 

suggests that maternal cell cytoplasm containing RNA for specific genes during the embryo's 

development is passed to the embryo (158). While the full purpose of this action remains 

unknown, it is suggested that passing possible immune genes (e.g., DrLITRs) may play a role in 

zebrafish development (15). For example, in the unfertilized eggs of Atlantic cod (Gadus 

morhua), transcripts of maternally sourced antimicrobial components, such as lysozyme and 

cathelicidin, were found with lysosome activity also detected at this early developmental stage 

(159). The transfer of these maternally sourced genes may help prime the innate immune system 

during fish embryo development for exposure to a pathogen-rich extracellular environment.  
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 During inflammation, various immune genes (e.g., TNF-α, IL-1β, and IL-6), and by 

association proteins encoded by these genes, are both upregulated and downregulated during the 

course of infection to allow for swift resolution of infections, while also preventing overall host 

tissue damage (160). Acute expression of inflammatory components aids in rapid immune 

defence responses of the host, however continuous (i.e., chronic) expression of these factors can 

lead to autoimmunity and chronic inflammation; therefore, immune gene expression is tightly 

regulated and often only induced when immune cells encounter microbes and/or damaged 

tissues. During infections in fish, a significant upregulation of important immune genes such as 

IL-1β and TNF-α has been shown to occur (161). In addition, common carp infected with the 

parasitic ciliate Ichthyophthirius multifiliis resulted in the upregulation of complement factor 

B/C2-A as well as C3, however mannose-binding lectin-associated serine proteases were 

downregulated compared to non-infected carp (162). In our previous studies, zebrafish were 

intraperitoneally injected with zymosan and monitored for DrLITR transcriptional activity. (15). 

Looking at the control genes, IL-1β expression was consistent with published results (156) and 

was significantly up regulated 2, 6, 8, and 12 hours post injection of zebrafish (15). When 

examining the gene expression of DrLITRs, DrLITR 1.1 was upregulated ~12 hours post 

injection while DrLITR 1.2 was upregulated at 3, 6, and 12 hours. Interestingly, DrLITR 15.1 

was not significantly upregulated post zymosan injection, and DrLITR 23.1 expression was 

down regulated 24 hours post zymosan injection compared to control receptor expression levels 

(15). Overall, DrLITR gene expression after injection of zymosan did not follow a distinct 

pattern of upregulation as was observed for IL-1β. This variable level of expression is perhaps 

due to the dynamic functional difference between each of the DrLITR-types. For example, it is 

known that catfish macrophages express IpLITRs (5) and therefore it is possible that during 
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inflammation, macrophages could be migrating to the zebrafish viscera to assist with the clearing 

of insults or damaged cells and tissue repair (e.g., phagocytosis). Increased numbers of 

macrophages expressing DrLITRs may cause varied expression levels rather than DrLITRs being 

upregulated during inflammatory responses. 

 In summary, DrLITRs are expressed by zebrafish at very early stages of development and 

continue to be expressed throughout the organism's life (15). The presence of receptor gene 

expression in eggs prior to fertilization indicates that they are perhaps maternally sourced, 

suggesting that these genes play an important role in fish development in early embryogenesis by 

priming the innate immune system of the embryo for release into pathogen-rich water. DrLITR 

gene expression patterns due to exposure to zymosan were not similar to each other or to that of 

pro-inflammatory cytokines during both embryogenesis and within adult zebrafish, which may 

indicate that receptors within the group may have different functional roles. The non-significant 

up or downregulation observed for DrLITR 15.1 and the downregulation for DrLITR 23.1 could 

be a result of specific immune cell-types basely expressing these receptors on their surface. In 

the process known as efferocytosis, immune cells clear apoptotic cells through cellular 

engulfment related to phagocytosis (15,163). Coordination of receptors on the surface of immune 

cells are required to effectively bind to target cells allowing for other receptors to be engaged for 

the cellular engulfment. Thus, receptors such as DrLITR 15.1 and DrLITR 23.1 that are 

continuously expressed on the surface of immune cells mediate the binding of the ligand 

allowing for other receptors (e.g., DrLITR 1.2 and DrLITR 1.1) to bind and engage the target for 

its engulfment and destruction (15).  

2.6 Conclusions 
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 LITRs were discovered over a decade ago within channel catfish and were shown to be 

co-expressed by myeloid and lymphoid immune cell lines. At the time of discovery, IpLITRs 

were shown to be related to mammalian receptor-types, including LRC-encoded receptors (e.g., 

KIRs and LILRs) as well as FcR and FCRL receptor families. However, recent syntenic analysis 

has cemented their relation to the FcR and FCRLs. Currently, there is no identification of the 

ligands for LITRs hampering our knowledge of the overall role these receptors may play in 

teleost immunity. Nevertheless, mammalian expression systems have been essential for studying 

LITRs' immune cellular networks and controlling innate immune cell effector functions. 

Specifically, IpLITRs have been shown to regulate cytotoxicity, degranulation, cytokine 

secretion, and phagocytosis. However, the versatility of LITR signalling is context-dependent 

displaying very different outcomes when expressed within differing cell types. When examining 

immunoreceptor tyrosine-based motifs within the CYT of IpLITRs, the tail regions' modularity 

displays stimulatory and inhibitory properties, synergistically fine-tuning the immune regulation 

of not only the receptor itself but also other catfish immune receptors through LITR-mediated 

crosstalk. In addition, the ability of the putative inhibitory receptor IpLITR 1.1b to induce an F-

actin-dependent mode of phagocytosis showcases that receptor-based immunoregulation has 

developed functional plasticity early on in the evolution of signalling pathways among 

vertebrates.  

 Increasing evidence of receptor function is beginning to reveal that in specific contexts, 

ITAM-containing receptors display inhibitory properties while ITIM-containing receptors can 

also activate signalling pathways. For example, as mentioned previously, the ITIM-containing 

receptor IpLITR 1.1b can inhibit lymphocyte-mediated cytotoxicity and induce an ITAM-

independent mode of phagocytosis through recruitment of classical activating associated 
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signalling molecules when expressed in certain myeloid cell lines. Rather than simple finite 

control of cellular responses, interactions of receptors and their integrated signalling motifs act to 

dynamically fine-tune receptor signalling events. Clearly, the classical definition of inhibitory 

and stimulatory receptors based solely on the presence of certain signalling motifs is unreliable 

and requires more extensive study. As such, LITRs displaying unique arrangements of signalling 

motifs (i.e., IpLITR 1.1b; membrane distal CYT containing two ITIMs, ITSM, proximal region 

with three tyrosine residues) are an excellent model for the examination of possibly new 

mechanisms of vertebrate receptor-mediated control of signalling that has already begun to 

reveal novel immune regulatory mechanism controlling innate immune cell effector responses.  

The recent identification of several DrLITR-types has also revealed unique arrangements 

of immunoreceptor tyrosine-based motifs (i.e., ITAM and ITIM) within their CYTs. The 

presence of putative functionally contrasting tyrosine motifs within the CYT allows for 

formulating new hypotheses regarding immunoregulatory receptor signalling mechanisms. To 

investigate the signalling potential of these new DrLITR receptor-types, my research aims in this 

thesis are; i) to create wild-type and signalling motif dysfunctional DrLITR constructs to 

generate DrLITR-expressing AD-293 cell lines, ii) examine the phagocytic potential of DrLITRs 

using a flow cytometric phagocytosis assay, and iii) examine how the ITIM-augments the 

phagocytic capacity of DrLITR 1.2. These DrLITRs represent a possible new receptor-based 

mechanism in which vertebrates can regulate effector responses and may further our insight on 

immune regulation functional plasticity.   
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Chapter III 

Materials and Methods 

3.1 Cell lines, Antibodies & Plasmid Constructs  

3.1.1 Cells 

 AD-293 cells, an adhesion-enhanced version of HEK-293 cells, were cultured in 

Dulbecco’s Modified Eagle Media (DMEM; Sigma-Aldrich, St. Louis, MO) supplemented with 

10% heat-inactivated fetal bovine serum (FBS: (Thermo Fisher Scientific, Waltham, MA) 100 

units/mL of penicillin + 100 mg/mL of streptomycin (Gibco; Thermo Fisher Scientific) 

incubated at 37°C, 5% CO2. For routine passage of cells in a 75cm2 vented culture flask, once 

cells had reached ~80% confluency, culture media was decanted, and cells were washed with 5 

mL of prewarmed Dulbecco’s phosphate-buffered saline (DPBS). DPBS was removed, and cells 

were then washed with 2mL of 0.05% trypsin + EDTA and incubated at 37°C, 5% CO2 for 5 

minutes. Cells were then resuspended with the addition of 3 mL fresh culture media, aided by 

careful dislodging of cells with a cell scraper. 600 μL of cell suspension was then transferred to a 

new vented flask containing 10 mL of fresh culture media.  

3.1.2 Antibodies 

 The following antibodies were used to detect and engage LITR constructs on the surface 

of AD-293 cells: Mouse α-HA mAb IgG1 (Invitrogen; Thermo Fisher Scientific, Waltham, MA), 

Mouse α-FLAG mAb IgG1 (Invitrogen), Mouse IgG1 isotype (Invitrogen), AF647 conjugated 

Rabbit-α-Mouse (H+L) pAb (Invitrogen), PE-conjugated Goat-α-Mouse (H+L) F(ab’)2 

(Invitrogen).  



52 

 

The following antibodies were used for confocal microscopy: Rabbit α-pSHP2 pAb (Cell 

Signalling Technology, Danvers, MA), Rabbit α-pSyk pAb (Cell Signalling Technology), AF488 

conjugated Goat-α-Rabbit pAb (H+L) (Invitrogen), AF647 conjugated Goat-α-Mouse (H+L) 

pAb (Invitrogen).  

3.1.3 Plasmid Constructs 

Zebrafish cDNAs containing DrLITRs (DrLITR 1.2 and DrLITR 15.1) were obtained 

from a previous graduate student (Hima Gurupalli) (164). Generation of N-terminal 

hemagglutinin (HA) epitope-tagged pDisplay constructs were generated as described previously 

(7,8,12,14). Briefly, oligo primers (Table 3.1; IDT) were designed against DrLITR sequences 

with the addition of flanking restriction sites (SmaI/SalI) and were used in reverse transcriptase 

PCR (RT-PCR) reactions. RT-PCR reactions were set up as follows; 0.2 μL of Phusion High-

Fidelity DNA polymerase (Invitrogen), 1 μg of provided zebrafish cDNA as template, 1 μL of 

each flanking primer as mentioned above (10 mM), 0.4 μL of 10 mM dNTPs, 4 μL of 5X 

Phusion HF buffer, nuclease-free H2O to create a total mixture volume of 20 μL. For all PCR 

reactions, thermocycler conditions were as follows; denaturation took place at 98°C for 1 minute, 

followed by 30 round cycles of denaturation at 98°C for 15 seconds, annealing of DNA at 60°C 

for 30 seconds and extension at 72°C for 1 minute. After cycling, a final extension took place at 

72°C for 10 minutes. PCR products were digested with SmaI and SalI restriction enzymes 

(FastDigest; Thermo Fisher Scientific) and ligated into pDisplay mammalian expression vector 

(Invitrogen; Thermo Fisher Scientific) that adds HA-tagged epitopes to receptor constructs 

allowing for the detection and activation of receptors using α-HA monoclonal antibodies (mAb; 

Invitrogen; Thermo Fisher Scientific). All plasmid constructs were subsequently confirmed for 
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the presence of ligated products the sequenced at the Molecular Biology Service Unit (MBSU) at 

the University of Alberta  

Signalling deficient mutants were created to study the role that immunoreceptor tyrosine-

based activation motif (ITAM) and immunoreceptor tyrosine-based inhibitory motif (ITIM) have 

on receptor-signalling dynamics within the same cytoplasmic tail region. To create these mutant 

constructs, pDisplay DrLITR 1.2 wt was used as a template to generate mutated tyrosine residues 

within the CYT motif regions. Internal primers (Table 3.1) were designed against DrLITR 1.2 wt 

CYT ITAM and ITIM regions to mutate tyrosine (Y) into phenylalanine (F) by replacing a single 

nucleotide within internal primers to create a missense mutation with the addition of regions of 

nucleotide overlap between the internal primers to allow for overlap extension during PCR 

reactions. DrLITR 1.2 ITAM ko has two Y`s in the ITAM region of the CYT mutated to F (i.e., 

DrLITR 1.2 wt tyrosines 356/368). DrLITR 1.2 ITIM ko has Y in the ITIM region of the CYT 

mutated to F (i.e., DrLITR 1.2 wt tyrosine 391).   

Site-directed mutagenesis was broken up into two parts; creation of the two overlapping 

PCR products containing the missense mutation and the overlap extension of the two PCR 

products to create a full-length DNA fragment of the LITR construct. Initially, two sets of PCR 

reactions were conducted between the forward (Fwd) flanking primer and the reverse (Rvs) 

internal motif overlap primer and between the Rvs flanking primer and the Fwd internal overlap 

primer. These PCR reactions were performed as described for RT-PCR above with the additional 

exception of 50 ng of pDisplay DrLITR 1.2 wt being used as a template DNA. Following the first 

part of site-directed mutagenesis, the products went through PCR product purification and were 

then used as templates for the second part of site-directed mutagenesis. For overlap extension 

PCR, the reaction was conducted as described above for RT-PCR with the exception that two 
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PCR products were both used as DNA template (50 ng each) and no primers were used. PCR 

thermocycler conditions were changed to only run for 10 rounds during the temperature cycling 

stage. After overlap extension occurred, the original Fwd and Rvs 1.2 wt flanking primers were 

added to the reaction and an additional full PCR reaction occurred with no modification to the 

thermocycler conditions was performed. As described above, mutated constructs were similarly 

digested (SmaI/SalI) and ligated into pDisplay mammalian expression vector. 

3.2 Creation of DrLITR stably expressing AD-293 cell lines 

 DrLITR-expressing cell lines were established through cellular transfection of AD-293 

cells with DrLITR-containing plasmids. Prior to transfection, 2x105 parental AD-293 cells were 

seeded in 24-well culture plates in DMEM -/- and 10% FBS. The next day 1 μg of each pDisplay 

construct plasmid DNA (i.e., DrLITR 1.2 wt, 1.2 ITIM ko, 1.2 ITAM ko, 15.1) was added to 2 μL of 

Turbofect reagent (Fisher Scientific) with the addition of Opti-MEM reduced serum media 

(Gibco; Thermo Fisher Scientific) to a total volume of 100 µL. Transfection mixtures were 

vortexed for at lead 15 seconds and incubated at room temperature for 15 minutes. Transfection 

mixtures were then added dropwise to seeded cells and were grown at 37°C and 5% CO2 for 48 

hrs. Transfected AD-293 cells were selected for by replacing growth media for DMEM 

supplemented with 800 µg/ml of G418 disulfate salt solution (Sigma-Aldrich) for 1 week. 

Viable cells were sorted through FACs sorting to select AD-293 cells stably expressing 

high levels of DrLITR constructs on their surface (14). Briefly, post-selected cells were washed 

with DPBS and 0.05% trypsin + EDTA. These cells were then harvested, and ~1x105 cells were 

moved to Eppendorf tubes containing 500 μL of sorting buffer (1x DPBS, 0.5% bovine serum 

albumin; BSA, 2 mM EDTA). Samples were then centrifuged for 2.5 minutes at 500 x g; the 

supernatant was aspirated, and samples were resuspended in 50 μL sorting buffer containing 
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primary antibody (0.1 μg of αHA mAb or IgG1 isotype control). Samples were then incubated on 

ice for 30 minutes, subsequently washed with 1mL ice-cold sorting buffer, centrifuged for 2.5 

minutes at 500 x g, decanted, and were resuspended again with 50 μL of sorting buffer 

containing 0.25 µg of secondary antibody (PE-conjugated goat-α-mouse F(ab’)2). Staining and 

washing steps, as described above, were repeated, and samples were resuspended in 250 μL of 

sorting buffer. Samples were then sorted based on their HA-epitope staining expression, and the 

top 5% of expressing cells were sorted as single-cell clones into a 96-well culture plate using the 

BD FACS Aria™ III cell sorter. Individual clones were then allowed to grow to confluency and 

screened for their levels of DrLITR surface expression. 

3.3 Examination of construct surface expression through flow cytometry 

To examine DrLITRs expression on the surface of AD-293 cell lines, cells were screened 

for their levels of HA-epitope tagged receptor surface expression similar to what was described 

in Section 3.2 of this thesis. Briefly, cell lines were grown to ~ 80% confluency and were 

harvested with 0.05% trypsin + EDTA. ~1x105 cells were then moved to Eppendorf tubes 

containing 500 μL of FACS buffer (1x DPBS, 0.5% bovine serum albumin, 2 mM EDTA, 0.05% 

NaN3). Samples were then centrifuged for 2.5 minutes at 500 x g; the supernatant was aspirated, 

and samples were resuspended in 50 μL of FACS buffer containing primary antibody (0.1 μg of 

αHA mAb or IgG1 isotype control). Following incubation on ice for 30 minutes, cells were 

subsequently washed with 1 mL ice-cold sorting buffer, centrifuged for 2.5 minutes at 500 x g, 

decanted, and were resuspended again with 50 μL of FACS buffer containing 0.25 µg of 

secondary antibody (PE-conjugated goat-α-mouse F(ab’)2). Staining and washing steps, as 

described above, were repeated, and samples were resuspended in 250 μL of FACS buffer. 

Analysis was conducted using an Attune Nxt Flow Cytometer (Thermo Fisher Scientific, 
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Waltham, MA), and stained cells were gated based on FSC-A versus SSC-A parameters to 

remove cellular debris and large aggregates. FSC-A was gated versus FSC-H to remove 

doublets, and receptor expression was gated based on the level of PE fluorescent intensity and 

compared to IgG1 stained isotype controls.  

3.4 Imaging Flow Cytometry Phagocytosis Assays to Examine DrLITR-mediated 

Phagocytosis 

3.4.1 Establishment of Optimal Conditions for DrLITR-mediated Phagocytosis by 

Comparing Protein A vs Protein G-coated Beads 

 To establish optimal conditions for DrLITR-mediated phagocytosis, antibody-specific 

binding to both protein A and protein G was examined using flow cytometric phagocytosis 

assays (14). Briefly, 4.5 μm yellow-green (YG) beads (Polysciences, Warrington, PA) were pre-

absorbed with either protein A or protein G (Sigma-Aldrich) and opsonized with 2 μg/mL of α-

HA mAb or with 2 μg/mL of IgG1 isotype control. One day prior to experiments, 3x105 IpLITR 

2.6b and DrLITR (i.e., 1.2 wt, 1.2 ITIM ko, 1.2 ITAM ko, 15.1) stably expressing AD-293 cells were 

seeded in a 24-well cell culturing plate in normal growth media (DMEM, 10% FBS, 400 μg/mL 

G418) and allowed to adhere to the culture plate overnight. On the day of the experiments, 

growth media was removed from the cells and replaced with 500 μL prewarmed phagocytosis 

buffer (1:1 ratio of 1xDPBS with 2 mg/mL bovine serum albumin (BSA) and Opti-MEM). 9x105 

opsonized YG beads were added to each sample as phagocytic targets with bead-cell interactions 

synchronized through centrifugation at 100 x g for 1 min, then incubated at 37°C for 15 minutes. 

The phagocytosis buffer was removed, and samples were washed with DPBS, followed by the 

addition of 200 μL of ice-cold phagocytosis buffer with 0.5 μg of secondary antibody AF647 

conjugated rabbit-α-mouse pAb to differentiate surface-bound bead events from phagocytic bead 
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events. Samples were then incubated at 4°C for 30 minutes, the antibody mixture was removed, 

and cells were washed with DPBS. Samples were harvested with 0.05% trypsin + EDTA and 

moved to Eppendorf tubes, then centrifuged at 500 x g for 2.5 minutes before the supernatant 

was aspirated. To remove non-specifically bound bead targets from cells, samples were 

resuspended with 200 μL of ice-cold 0.05% trypsin + EDTA and incubated on ice for 10 

minutes. 1 mL of ice-cold phagocytosis buffer was added to samples, followed by centrifugation 

at 500 x g for 2.5 minutes. Samples were aspirated, and pellets were resuspended in 25 μL of 

DPBS + 1% paraformaldehyde (PFA) and were analyzed on the ImageStream mkII (Amnis; 

Luminex, Austin, TX). Briefly, 5000 cell events were collected, and data was analyzed using the 

IDEAS® v6.2 software (Amnis); connected component masking (14,165) was used to accurately 

differentiate between cells with phagocytosed beads or cells with only surface-bound beads.  

 Specifically, to resolve bead positioning relative to the cell, a secondary antibody stain 

(AF647) was added to samples which recognize the primary antibodies on the surface of the 

bead targets. As such, beads that were fully internalized would not be stained, as the secondary 

antibody would be unable to cross the plasma membrane. IDEAS® software allowed for 

accurate discrimination of bead positioning through a series of masks based on fluorescence, as 

described in (165). Connected component masks were set up to analyze relative bead size (i.e., 

large beads were classified as component 1, smaller beads were classified as component 2, etc). 

Only cells containing three or less beads were gated as analysis of cells with four beads and 

higher were reported to interfere with accurate analysis of fluorescence. Further masks were set 

up to analyze each detected event by measuring the relative levels of fluorescence of both green 

(YG beads) and red (AF647) fluorescence. With this analysis, cell-bead interactions were then 

defined based on the presence or absence of the 647 fluorescence; cells that contained bead(s) 
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that associated with red fluorescence were classified as surface-bound, while cells that contained 

at least one bead absent of the red fluorescence was defined as phagocytic.  

3.4.2 Establishment of Optimal Conditions for DrLITR-mediated Phagocytosis by 

Comparing Concentration of mAbs on Opsonized Bead Targets. 

To establish optimal conditions for DrLITR-mediated phagocytosis, phagocytic targets 

were opsonized with varying antibody concentrations to allow for the greatest resolution in 

phagocytic phenotype between DrLITR constructs analyzed through imaging flow cytometry. 

Briefly, 4.5 μm YG beads were pre-absorbed with protein G and opsonized with varying 

concentrations of α-HA mAb (i.e., 1 μg/mL, 0.5 μg/mL, 0.25 μg/mL) or with 1 μg/mL of IgG1 

isotype control. A phagocytosis assay was conducted as described in section 3.4.1 with the 

exception of DrLITR (i.e., 1.2 wt, 1.2 ITIM ko, 1.2 ITAM ko, 15.1) cell lines incubated with 9x105 

bead targets with varying mAb concentrations for 0, 15 and 30 minutes. 

3.4.3 Establishment of Optimal Conditions for DrLITR-mediated Phagocytosis by 

Comparing Bead-Cell Incubation Times 

 To observe optimal conditions for DrLITR-mediated phagocytosis, bead-cell interactions 

were observed on a time scale to visualize differences in the phagocytic phenotype between 

DrLITR constructs. A phagocytic, flow cytometric assay was conducted similarly to section 

3.4.1 with the exception of cell samples incubated at differing times (0 minutes, 5 minutes, 10 

minutes, 15 minutes) with 4.5 µm bead targets preabsorbed with protein G and opsonized with 1 

µg/mL α-HA mAb. 
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3.4.4 Examining DrLITR-based Target Binding Abilities 

 The ability of receptor-expressing cells to bind to phagocytic targets during recovery 

from suboptimal temperatures was observed through imaging flow cytometry to further resolve 

the phagocytic phenotype between DrLITR constructs. AD-293 cells (3x105) expressing 

DrLITRs (i.e., 1.2 wt, 1.2 ITIM ko) were seeded in a 24-well cell culturing plate in normal growth 

media and allowed to adhere to the culture plate overnight. On the day of the experiments, the 

growth media was removed from the cells and replaced with 500 μL ice-cold phagocytosis 

buffer. Cells were incubated for 30 minutes at 4°C before the addition of 9x105 4.5 µm YG beads 

preabsorbed with protein G and opsonized with 1 µg/mL α-HA mAb or with 1 μg/mL of IgG1.  

Following centrifugation of samples at 100 x g for 1 minute, samples were incubated for a 

further 30 minutes at 4°C. Cells were then moved to a 37°C incubator and allowed to warm up at 

specific time intervals (i.e., 0, 2, 4, 8, 16 minutes; 16 minutes for IgG1 coated beads). Samples 

were then counter-stained, processed, and analyzed as described in section 3.4.1. 

3.4.5 Pharmacological Assessment of DrLITR-mediated Phagocytosis 

 Pharmacological inhibitors targeting common intracellular signalling molecules were 

tested using imaging flow cytometry to examine the possible role and recruitment of specific 

signalling molecules likely required for DrLITR-mediated phagocytosis. AD-293 cells (3x105) 

expressing IpLITR 2.6b and DrLITR (i.e., 1.2 wt, 1.2 ITIM ko) were seeded in a 24-well cell 

culturing plate 1 day before experimentation. The following day, cell media was removed, and 

samples were washed with DPBS. A phagocytosis buffer containing a high dose (HD) and a low 

dose (LD) of various pharmacological inhibitors (Table 3.2.) was added, and samples were 

incubated at 37°C for 1 hour. As a vehicle control, samples were also incubated for 1 hour with 

0.5% DMSO. Without removing drug-inoculated phagocytosis buffer, 9x105 YG beads 
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opsonized with either 1 μg/mL of α-HA mAb, 0.4 μg/mL of α-HA mAb + 2.5 μg/mL of isotype 

IgG1, or with 1 μg/mL of IgG1 isotype control, were added to seeded cell samples and 

synchronized through centrifugation at 100 x g for 1 minute. To further assess the effects of the 

drug NSC 87877 on LITR-mediated phagocytosis, a cell line co-expressing IpLITR 2.6b-1.1b 

was also seeded in 24 well cell culture plates and preincubated with HD and LD of NSC 87877 

(or 0.5% DMSO). To engage both LITRs for receptor-mediated cross talk, 2.6b-1.1b expressing 

cells were incubated 9x105 YG beads opsonized with 0.4 μg/mL of α-HA mAb + 2.5 μg/mL of 

α-FLAG mAb and centrifuged for 1 minute at 100 x g. Samples were then processed and 

analyzed as described in section 3.4.1.  

3.5 Confocal Microscopy Examination of Signalling Molecule Recruitment during 

DrLITR-mediated Phagocytosis 

3.5.1 Examining the Recruitment of pSHP-2 and pSyk to the Phagocytic Cup during 

DrLITR-mediated Phagocytosis 

 To examine the recruitment and involvement of signalling molecules to the phagocytic 

cup during DrLITR-mediated phagocytosis, a fluorescence confocal microscopy-based 

phagocytosis assay was performed. Briefly, 2x105 IpLITR (i.e., 2.6b-1.1b) and DrLITR (i.e., 1.2 

wt, 1.2 ITIM ko, 1.2 ITAM ko) stably expressing AD-293 cells were seeded on top of microscope cover 

slips in a 24-well cell culturing plate and allowed to adhere overnight. Growth media was 

removed from the cells and replaced with 500 μL prewarmed phagocytosis buffer. 6x105 non-

fluorescent (NF) polystyrene beads (Polysciences) were opsonized with either 1 μg/mL of α-HA 

mAb to stimulate DrLITR constructs, 0.4 μg/mL of α-HA mAb + 2.5 μg/mL of α-FLAG mAb 

for the crosslinking of IpLITR constructs, or 0.4 μg/mL of α-HA mAb + 2.5 μg/mL of IgG1 

isotype control to independently activate IpLITR 2.6b. Opsonized beads were added to each 
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sample as phagocytic targets with bead-cell interactions synchronized through centrifugation at 

100 x g for 1 minute, then incubated at 37°C for 8 minutes. Cells were subsequently fixed with 

4% PFA for 10 minutes and were stained both extracellularly and intracellularly via 

immunofluorescence (9,10,14). Samples adhered to coverslips were transferred to parafilm 

containing 0.5 µg/mL of AF647 conjugated goat-α-mouse secondary pAbs diluted in 50 µL of 

antibody staining buffer (ASB; DPBS with 1% BSA and 0.05% NaN3). Samples were then 

incubated at 4°C for 30 minutes, moved back into 24-well culture plates and washed with ASB 

before the addition of 1x permeabilization buffer (Biolegend, San Diego, CA) and incubated at 

room temperature for an additional 15 minutes. Samples on cover slips were once again moved 

to parafilm containing 50 µL of cell staining buffer (CSB; Biolegend) with a 1:50 dilution of 

either rabbit α-pSHP2 pAb or rabbit α-pSyk pAb. After an additional 30 minutes at room 

temperature, samples were washed with CSB and moved a final time onto parafilm with 50 μL of 

CSB containing 2μg/mL of AF488 conjugated goat-α-mouse secondary pAb for a final 30 

minutes at room temperature. Samples were washed one final time with CSB and mounted onto 

microscope slides with ProLong Gold Antifade (Thermo Fisher Scientific) and allowed to set for 

12 hours at room temperature. Samples were visualized with a Laser Scanning Confocal 

Microscope (LSM; Zeiss LSM 710, 63x objective 1.2 oil plan-Apochromat) with bead-cell event 

images collected and analyzed through Zen Lite (Zeiss, Oberkochen, Germany) analysis 

software. To measure mean fluorescent intensities (MFI) of pSHP-2 and pSyk recruitment during 

LITR-mediated phagocytosis of bead targets, a representative line was drawn across phagocytic 

cup formation with intensities of fluorescence for both the signalling molecules and the bead 

counter stain measured across the representative line using both Zen Lite and ImageJ (NIH) 

software. To further measure consistent MFI values of pSHP-2 recruitment within the phagocytic 
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cup formation, at least 50 bead-cell interactions per sample were measured for their mean area of 

fluorescence (MAF) within a zone of interest at bead-cell interfaces analyzed through Zen Lite 

software. 

 3.6 Statistical Analysis 

 Means of multiple groups were compared together by ANOVA followed by post-hoc 

Tuckey analysis to determine statistical significance between groups of samples (denoted by 

alphabetically assigned letters; Prism 6, GraphPad, San Diego, CA). To determine the 

significance differences between two groups, a non-parametric t-test was used (Mann-Whitney; 

denoted by asterisks; Prism 6, GraphPad, San Diego, CA). 
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Primer Name Sequence 5’ – 3’ 

DrLITR 1.2 SmaI Fwd a TCCCCCGGGTACTCAAAAACTGCAATAT 

DrLITR 1.2 SalI Rvs a GCGTCGACGAAATAAGTCAAGATGTGAC 

DrLITR 1.2 ITIM ko Overlap Fwd b  GTGAAGATGATGGTTCCACATTTTTTAATATTGATC 

DrLITR 1.2 ITIM ko Overlap Rvs b TGTGGAACCATCATCTTCACGGTCGTCTG 

DrLITR 1.2 ITAM ko Overlap Fwd b GACCCCAATTCCAGATGCTCTGAGTTCGACACA 

DrLITR 1.2 ITAM ko Overlap Rvs b TCTGGAATTGGGGTCAAGGGCCATGAAGGGATC 

DrLITR 15.1 SmaI Fwd a TCCCCCGGGTTCAATCCAACAGAAGTAAA 

DrLITR 15.1 SalI Rvs a GCGTCGACTCATTGAGGCACCTGAGAATA 

pDisplay Fwd c TAATACGACTCACTATAGGGA 

pDisplay Rvs c ATCCTCTTCTGAGATGAGTTT 

a Primers used to amplify 1.2 sequences for ligation into pDisplay plasmids. b Primers used for 

overlap extension mutation of specific signalling motifs within the CYT of 1.2 wt. c Primers used 

for the amplification of pDisplay-ligated sequences for sequencing and conformation.

Table 3.1. PCR primers used in this thesis. 
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Drug Intracellular Target High Dose 

(μM) 

Low Dose (μM) 

PP2 Src-family tyrosine kinases 10 1 

ER 27319 Syk kinase 250 25 

Wortmannin PI3K, PLK1, MLCK 10 1 

NSC 87877 SHP-2, SHP-1, PTP1B 3.2 0.32 

Cytochalasin D Actin polymerization 25 N/A 

Table 3.2. Pharmacological inhibitors, molecular targets, and doses tested
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Chapter IV 

Examination of DrLITR-mediated Control of the Phagocytic Response 

4.1 Introduction  

 Phagocytosis is an actin-dependent cellular engulfment process of extracellular particles 

greater than 0.5 µm (89). Typically, the process is initiated by the engagement of surface-bound 

phagocytic immune receptor-types that recognize specific ligands resulting in the 

phosphorylation of tyrosine residues within ITAM-containing CYT motifs, recruitment of 

intracellular signalling molecules, induction of intracellular signalling, activation of actin 

polymerization machinery, membrane remodelling, and finally internalization of the target. For 

example, following the binding of IgG-ligand complexes, human FcγR associates with the 

ITAM-containing adaptor FcRγ (51). SFKs located in close proximity to these motif-containing 

receptors phosphorylate tyrosine residues within ITAMs, allowing for the recruitment of the SH2 

domain-containing molecule Syk. This kinase is then activated by SFK-mediated 

phosphorylation resulting in signalling cascade propagation and, eventually, the stimulation of 

the actin polymerase machinery (89). 

 Our lab has extensively studied LITRs as a teleost immune receptor model system for 

understanding the regulation and control of innate immune effector responses. Two contrasting 

IpLITR-types have been well studied in their control over immune effector responses, 

emphasizing their ability to regulate phagocytosis. Specifically, IpLITR 2.6b is a stimulatory 

receptor-type that induces an ITAM-dependent mode of phagocytosis (8,11,12,14). This 



66 

 

phenotype has been well described for mammalian receptor models (e.g., FcRs) and is facilitated 

by the phosphorylation of tyrosine residues found within the ITAM for the recruitment of 

stimulatory molecules such as Syk (51). Subsequent recruitment and activation of downstream 

signalling molecules results in F-actin-driven engulfment of targets. The putative inhibitory 

receptor IpLITR 1.1b was shown to induce a novel ITAM-independent mode of phagocytosis 

when transfected into RBL-2H3 cells (9–12). However, unlike IpLITR 2.6b, this LITR-type 

induced a stalled capture and engulfment phenotype facilitated by long filopodia-like protrusions 

from the membrane (10,11). When both IpLITR 2.6b and IpLITR 1.1b were co-transfected into a 

mammalian non-immune cell line (AD-293), IpLITR 2.6b was again able to induce an ITAM-

dependent mode of phagocytosis in these cells, however, IpLITR 1.1b was not able to generate 

any mode of phagocytosis (14). When both receptors were co-engaged, IpLITR 1.1b 

significantly cross-inhibited the signalling potential and phagocytic response of IpLITR 2.6b 

through a SHP-2-dependent mechanism. Interestingly, the ability of IpLITR 1.1b to sustain 

inhibition was mediated through the recruitment of Csk to its membrane proximal CYT region. 

 Recently, we have identified several new LITR-types within the genome of the zebrafish 

(Danio rerio) (15). These LITR-types were upregulated as early as 1 hour post fertilization in 

zebrafish embryos with some LITRs upregulated following zymosan exposures. Interestingly, 

DrLITR 1.2 and DrLITR 1.1 contain a unique arrangement of tandem ITAM and ITIM signalling 

motifs within their CYT region. This arrangement within the same receptor-type is unusual as 

these motifs are typically associated with separate stimulatory (i.e., ITAM) and inhibitory (i.e., 

ITIM) receptor-types (19). Co-engagement of inhibitory and stimulatory receptor-types on the 

same cell results in crosstalk regulation allowing for fine-tuning of immune responses by 

creating thresholds for activation. To date, there is no information on the impact of having both 
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an ITAM and an ITIM within the same CYT of an individual immunoregulatory receptor-type. 

The novel arrangements of immunoreceptor tyrosine-based motifs within the CYT of these 

DrLITRs brings into question the specific roles these receptors play in mediating cellular effector 

responses and suggests a possible role in receptor-based functional plasticity. For example, 

perhaps the engagement and activation of these receptor-types results in the recruitment of both 

ITAM and ITIM-specific signalling molecules to the receptor tails. While ITAM-specific kinases 

(e.g., Syk) can induce stimulatory activation by phosphorylating important signalling molecules 

resulting in a signalling cascade, the localization of ITIM-specific phosphatases, such as SHP-2 

or SHIP1/2, may result in dephosphorylating signalling molecules and other protein domains 

localized to the receptor tails. Thus, a decreased activation level can be achieved compared to 

receptors that only contain an ITAM within its CYT, resulting in an overall dampened cellular 

effector response.     

 The specific objectives of this chapter were to use a previously established mammalian 

expression model system to study DrLITR receptor-types and to use this system to investigate 

the roles of both the ITAM and ITIM motifs within the context of same receptor CYT of DrLITR 

1.2 through the aforementioned imaging flow cytometric phagocytosis assay. I hypothesized that 

DrLITR 1.2 wt would have an intermediate phagocytic capacity compared to DrLITR 1.2 ITIM ko 

when engaged by target beads, while DrLITR 1.2 ITAM ko and DrLITR 15.1 would be unable to 

initiate phagocytosis. The presence of the ITAM suggests that DrLITR 1.2 can recruit essential 

signalling molecules such as Syk to induce signalling cascades needed for phagocytosis. As 

such, the absence of a functional ITAM within both DrLITR 1.2 ITAM ko and DrLITR 15.1 

suggests that these receptors cannot activate the necessary machinery for the engulfment of 

targets. In addition, the presence of the ITIM within DrLITR 1.2 wt may play a role in receptor 
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inhibitory crosstalk whereby recruited inhibitory molecules (i.e., SHP-2) may result in an 

increase in the activation threshold of the receptor. Regulation and fine-tuning of receptor-based 

immune responses are determined by the overall sum of inhibitory and stimulatory signalling. 

Engagement of stimulatory signalling must overcome inhibitory signals to induce the intended 

effector response. The presence and activation of inhibitory signalling increase activation 

thresholds and are crucial in preventing overstimulation of receptors and cellular responses 

which can lead to autoimmune disease. For example, disrupting the inhibitory receptor FcγRIIB 

in murine models results in increased Ig release, systemic anaphylaxis, and elevated immune 

complex-mediated inflammation (19). Therefore the presence of an ITIM within an ITAM-

containing receptor may play a role in regulating the intensity of receptor signalling capabilities. 

By making construct mutants deficient in important signalling motifs within the receptors' CYT 

(i.e., ITAM and ITIM), direct comparisons can be made by observing the change in the cells' 

ability to associate and engulf targets.  

Overall, my results show that DrLITRs and mutant constructs were stably expressed on 

the surface of AD-293 cells and that, as predicted, the putative inhibitory receptor DrLITR 15.1 

was unable to induce phagocytosis. My results also show that, as expected, DrLITR 1.2 

generated an ITAM-dependent mode of phagocytosis when engaged by bead targets. 

Unexpectedly, the phagocytic response is also dependent on the ITIM motif for the full 

functional phagocytic potential of DrLITR 1.2.  

4.2 Results 
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4.2.1 DrLITR Construct-Expressing AD-293 Cell Lines 

 To examine DrLITR-mediated signalling, I created wild-type (wt) and signalling 

deficient mutant constructs and then generated DrLITR-expressing AD-293 cells. The DrLITR 

1.2 wt CYT contains an ITAM with two functional tyrosine residues as well as an ITIM with one 

tyrosine residue (Fig. 4.1A). DrLITR 1.2 ITIM ko contains the same structure as DrLITR 1.2 wt, 

however, the tyrosine within the ITIM has been mutated to phenylalanine (i.e., ITIM ko; Y/F 391; 

Fig. 4.1B). DrLITR 1.2 ITAM ko is also similar to DrLITR 1.2 wt but contains two phenylalanines 

in place of the two tyrosines within the ITAM (i.e., ITAM ko; Y/F 356 and Y/F 368; Fig. 4.1C). 

DrLITR 15.1 contains a CYT with two ITIM motifs and an ITSM motif (Fig. 4.1D). 

 Schematic cell-expressing representations of each receptor construct (i.e., DrLITR 1.2 wt, 

DrLITR 1.2 ITIM ko, DrLITR ITAM ko, DrLITR 15.1) are shown in Figure 4.2A. Each construct 

contains a hemagglutinin (HA) tag on the N-terminus followed by Ig domains (D1, D2, etc.), TM 

regions, and CYT segments with the indicated immunoreceptor tyrosine-based motifs and 

associated tyrosines or phenylalanines (Fig. 4.2A). To examine the cell surface expression of 

each construct, clones were stained with either primary αHA mAb (grey shading) or isotype 

control IgG1 (no shading) followed by PE-conjugated secondary pAb and visualized for their 

relative fluorescence levels using flow cytometry to establish the relative expression levels of 

receptors on the surface of cells (Fig. 4.2B). The x-axis represents the fluorescence intensity 

associated with the expression level of DrLITR constructs on the surface of the cell vs. number 

of cell events (y-axis) measured (Fig. 4.2B).  
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4.2.2 Image Flow Cytometric Analysis of DrLITR-mediated Phagocytosis 

 To examine if DrLITR constructs are activated by the bead-based phagocytosis assay and 

to determine the optimal experimental conditions for this assay, YG beads were preabsorbed 

with either protein A or with protein G prior to the addition of 2 μg/mL of αHA or with 2 μg/mL 

of isotype IgG1. Cells were then incubated for 15 minutes with opsonized targets and analyzed 

for their phagocytic activity. Specifically, cells were considered phagocytic if they contained at 

least one completely internalized bead (black bars) but not phagocytic if they had one or more 

attached beads (grey bars) on their cell surface with the absence of any completely engulfed 

beads. IpLITR 2.6b-expressing cells were also analyzed for their phagocytic capacity as a 

positive control to compare results to that of a bonafide ITAM-dependent mode of phagocytosis. 

When incubated with protein A preabsorbed YG beads, DrLITR 1.2 wt displayed 74.6% 

phagocytic activity that was statistically similar (p ≤ 0.05) to IpLITR 2.6b with 77.9% of cells 

being phagocytic (Fig. 4.3A). Both DrLITR 1.2 ITAM ko and DrLITR 15.1 had significantly 

decreased values of phagocytosis at 12.6% and 7.1%, respectively, while DrLITR 1.2 ITIM ko had 

an intermediate level phagocytic response at 44.8% that was significantly different (p ≤ 0.05) 

from receptors facilitating high (DrLITR 1.2 wt and IpLITR 2.6b) and low (DrLITR 1.2 ITIM ko 

and DrLITR 15.1) levels of phagocytosis (Fig. 4.3A). DrLITR 1.2 wt, DrLITR 1.2 ITIM ko, DrLITR 

ITAM ko, DrLITR 15.1 and IpLITR 2.6b were also all assessed for their ability to associate with 

beads with values of 34.8%, 47.8%, 13.0%, 15.5% and 41.8% respectively (Fig. 4.3A). In the 

context of this assay, association with beads refers to all cell events that contain at least one 

fluorescent bead, regardless of its position relative to the cell membrane (i.e., phagocytosed and 

cell surface-bound). Association was compared to cell events that did not interact, bind, or 

phagocytose a target as a measure for receptor sensitivity to target engagement as well as binding 
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avidity of receptors to targets. In this assay, trypsin was used to remove non-specifically bound 

beads on the surface of cells, therefore, surface-bound events were assumed to be receptor-

specific binding of target beads that have not yet been fully internalized by the cell. 

 When receptor construct-expressing cells were incubated with YG beads preabsorbed 

with protein G, their overall phagocytic and bead associations were greater than that shown using 

the protein A absorbed beads. Specifically, DrLITR 1.2 wt, DrLITR 1.2 ITIM ko, and IpLITR 2.6b 

all had significantly similarly high rates of phagocytosis at 89.3%, 91.4% and 87.9%, 

respectively (Fig. 4.3B). In addition, DrLITR ITAM ko and DRLITR 15.1 again showed low rates 

of phagocytosis at 5.4% and 7.8%, respectively (Fig 4.3B). When looking at the association of 

protein G preabsorbed beads, DrLITR 1.2 wt, DrLITR 1.2 ITIM ko, DrLITR ITAM ko, DrLITR 15.1 

and IpLITR 2.6b had 65.5%, 67.3%, 47.9%, 50.9% and 59.4%, respectively (Fig. 4.3B).  

4.2.3 Optimization of YG Bead αHA mAb Concentrations for DrLITR-mediated 

Phagocytosis 

 To further optimize phagocytosis assay conditions and to resolve phagocytic differences 

between the constructs, DrLITR-expressing cells were temporally examined for their phagocytic 

activities at 0, 15, and 30 minutes using YG target beads opsonized with varying concentrations 

of αHA mAb (0.25 μg/mL, 0.5 μg/mL, and 1 μg/mL) or with 1 μg/mL of IgG1 isotype control. 

Prior to antibody opsonization, YG targets were preabsorbed with protein G, as it was 

determined that protein G allowed for the highest binding affinity for the IgG1 subclass of 

antibodies, thereby increasing receptor engagement with less overall antibody concentration. 

Immediately following exposure of the cells to the beads (0 minutes), little phagocytosis was 

observed when DrLITR 1.2 wt was engaged with αHA mAb opsonized bead targets regardless of 
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mAb concentration (Fig. 4.4A). This trend was observed for all construct-expressing cells 

ranging from 2.4% - 6.4% of phagocytosis, which represents the assay background (Fig. 4.4). 

After 15 minutes, DrLITR 1.2 wt-expressing cells phagocytosed 39.7% of beads coated with 0.25 

μg/mL αHA mAb (Fig. 4.4A). As the concentration of αHA mAb increased (0.5 μg/mL and 1 

μg/mL), so did the number of phagocytic cells (65.7% and 79.8%, respectively; Fig. 4.4A). In 

comparison, the trend seen for the 30-minute incubation of DrLITR 1.2 wt-expressing cells with 

beads follows a similar pattern to the 15-minute incubations but resulted in an overall increase in 

the proportion of phagocytic cells (67.5%, 88.2% and 92.4%, respectively; Fig. 4.4A). When 

cells were incubated with IgG-coated beads at 0, 15 or 30 minutes, only background levels of 

phagocytosis were observed, ranging from 5.4% - 8.6%. This pattern was observed for all 

constructs when the IgG1 isotype control opsonized beads were used as targets regardless of 

incubation times (range of 4.4% - 16.8%; Fig. 4.4). When DrLITR 1.2 ITIM ko was engaged with 

YG bead targets with increasing levels of αHA mAb a similar pattern of increasing levels of 

phagocytosis was observed at 15 minutes as well as 30 minutes incubation similar to DrLITR 1.2 

wt (Fig. 4.4B). In comparison, DrLITR ITIM ko had a decreased level of phagocytosis which 

correlated to ~0.5x decrease in levels of phagocytosis compared to DrLITR 1.2 wt (compare Fig. 

4.4A and Fig. 4.4B). Both DrLITR ITAM ko and DrLITR 15.1 had similarly low patterns of 

phagocytosis to each other regardless of antibody concentration or incubation times with target 

beads ranging from 3.2% - 9.8% phagocytosis for DrLITR 1.2 ITAM ko (Fig. 4.4C) and 3.3% - 

20.1% phagocytosis for DrLITR 15.1 (Fig. 4.4D).  

4.2.4 Temporal Analysis of DrLITR-mediated phagocytosis  

 DrLITR construct-expressing cells were then examined over a temporal scale to further 

resolve phagocytic differences between constructs and to observe optimal phagocytosis 
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conditions. Construct-expressing cells were incubated with YG beads opsonized with 1 μg/mL of 

αHA mAb for 0, 5, 10, or 15 minutes. Samples were also incubated with 1 μg/mL of isotype 

IgG1 as a control. The phagocytic capacity of DrLITR 1.2 wt-expressing cells increased over the 

time of incubation with opsonized targets. The proportion of phagocytic cells, however, stayed 

relatively low initially at 3.0% with no incubation time with targets and 4.0% after only 5 

minutes of incubation (Fig. 4.5A). This drastically increased at the 10-minute mark, where 

44.0% of cells engulfed targets, which further increased to 70.1% after 15 minutes. Very few 

cells contained phagocytosed IgG1 opsonized beads at the highest incubation time (15 minutes), 

and this was seen for every construct-expressing cell line ranging from 4.2% - 4.8% of cells 

phagocytosing IgG1 coated beads (Fig. 4.5). The proportion of total DrLITR 1.2 wt-expressing 

cells binding to beads resulted in a similar increasing pattern over increasing incubation time 

with targets (Fig. 4.5A). Unlike DrLITR 1.2 wt phagocytic capacity, there was an increased 

proportion of bead-bound cells at 20.5% at 5 minutes of incubation with beads. This again 

increased to 25.2% at 10 minutes and 39.3% at 15 minutes. Similar to the pattern above, DrLITR 

1.2 ITIM ko-expressing cells also displayed a gradual increase of phagocytic cells at 4.3%, 4.3%, 

20.5% and 40.4%, respectively (Fig. 4.5B). Again, DrLITR 1.2 ITIM ko-expressing cells displayed 

a relative 50% decrease in the phagocytic capacity compared to the proportion of phagocytic 

cells for DrLITR 1.2 wt (compare Fig. 4.5A and Fig. 4.5B). Differing from DrLITR 1.2 wt, a large 

proportion (44.3%) of DrLITR 1.2 ITIM ko-expressing cells associated with beads prior to 

incubation (Fig. 4.5B). This proportion increased in association with incubation time up to 

57.2% after 15 minutes. Once again, very few cells were engulfed by DrLITR 1.2 ITAM ko-

expressing cells (Fig. 4.5C) or by DrLITR 15.1-expressing cells (Fig. 4.5D) regardless of the 

time cells were incubated with opsonized beads ranging from 3.3% - 5.1% and 3.2% - 4.0%, 
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respectively. However, when looking at the bead associations for the two receptor constructs, 

DrLITR 1.2 ITAM ko-expressing cells bound a moderate amount of bead targets at 17.8%, 19.7%, 

25.8% and 20.9%, respectively (Fig. 4.5C). This trend was similar for DrLITR 15.1-expressing 

cells as 11.6%, 13.3%, 19.6% and 19.9% of cells bound beads (Fig. 4.5D). At 15 minutes of 

incubation with protein G preabsorbed, 1 μg/mL of αHA mAb opsonized beads, constructs 

displayed similar differences for phagocytic capacity between receptors as reported previously 

for protein A coated beads at a higher mAb concentration (2 μg/mL). Specifically, the proportion 

of DrLITR 1.2 wt containing cells that were able to phagocytose beads was significantly higher (p 

≤ 0.05) than that for any DrLITR construct under the same conditions (Fig. 4.5E). Again, 

DrLITR 1.2 ITIM ko showed an intermediate phagocytic response significantly lower than that of 

DrLITR 1.2 wt but still higher than that of both DrLITR 1.2 ITAM ko and DrLITR 15.1 whose 

phagocytic capacities were the lowest (Fig. 4.5E).   

4.2.5 ITIM Knockout DrLITRs Display Increased Bead-Binding and Decreased Phagocytic 

Phenotype during Recovery from Cold Incubation 

 Following the observations made on the differing phagocytic phenotypes between 

DrLITR 1.2 wt and DrLITR 1.2 ITIM ko, further investigation of the specific differential bead-cell 

associated responses was conducted using a modified cold-binding assay. Specifically, construct-

expressing cells were preincubated at 4°C before and after the addition of YG bead targets. Cells 

were then warmed by incubating at 37°C for 0, 2, 4, 8, and 16 minutes and examined for their 

ability to associate and phagocytose beads. By cooling cells to sub-ambient temperatures and 

measuring bead binding during warming, observations can be made about overall receptor 

binding affinity to bead targets. Comparisons can then be made between each construct’s ability 

to engage the phagocytic machinery as it slowly becomes available during incubation at 37°C. 
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DrLITR 1.2 wt expressing cells had low levels of bead binding (11.5%) when incubated at 4°C in 

the absence of any warming in comparison to IgG1 isotype control coated beads (6.5%) warmed 

for 15 minutes (Fig. 4.6A). The bead association stayed relatively low from 2 minutes to 8 

minutes (15.9%, 17.7% and 14.5%) but increased at 16 minutes of warming to 33.9% of cells 

binding targets. The phagocytic capacity of DrLITR 1.2 wt mimicked its bead association; low 

levels of cells containing phagocytosed beads were observed from 0 minutes to 8 minutes 

ranging from 2.2% - 5.5% of cells phagocytosing targets (Fig. 4.6B). After 16 minutes of 

incubation, the phagocytic cell proportion of DrLITR 1.2 wt increased dramatically to 58.4% (Fig. 

4.6B). DrLITR 1.2 ITIM ko was significantly different from DrLITR 1.2 wt. For example, while 

bead association from 0 minutes of incubation to 8 minutes reflected a similar slight linear 

increase, 30.8% of DrLITR 1.2 ITIM ko-expressing cells associated with beads prior to any 

incubation and continued to increase (31.2%, 32.4% 35.4% and 36.7%) through to the entire 16 

minutes of warming (Fig. 4.6C). DrLITR 1.2 ITIM ko -expressing cells had a similar phagocytic 

capacity during the warming of the cells from 0 to 8 minutes ranging from 3.0% - 4.7% (Fig. 

4.6D). In contrast with DrLITR 1.2 wt and as seen previously with other phagocytosis 

experiments, DrLITR 1.2 ITIM ko had an overall low proportion of cells phagocytosing targets 

after 16 minutes of warming (Fig. 4.6D).  

4.3 Discussion  

 In this chapter, my main objective was to examine the role of ITAM and ITIM motifs in 

tandem for controlling DrLITR 1.2-mediated phagocytosis. To this end, I created signalling 

motif-deficient mutant constructs and established DrLITR-expressing AD-293 cell lines which 

were analyzed using a flow cytometric phagocytosis assay. My results show that while DrLITR 
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1.2 wt can generate a potent ITAM-dependent phagocytic response, the ITIM motif potentially 

modulates ligand binding and is required for the full phagocytic potential of the receptor. This 

reveals potentially new information regarding the functional roles of ITIMs that are classically 

defined as inhibitory. 

 The previous establishment of a mammalian heterologous expression system within our 

lab allowed us to examine the phagocytic phenotypes of IpLITRs and to further study the 

underlying signalling networks that control immune effector responses (5,8). Additionally, 

utilizing imaging flow cytometric analysis has led to increased resolution of opsonized YG bead 

target positioning relative to receptor-expressing cells during phagocytosis, further defining the 

signalling capacity of tyrosine-based receptor functions. My thesis work takes advantage of this 

system, which has already helped us characterize IpLITR immunoregulation, including the 

IpLITR 1.1b-mediated crosstalk inhibition of IpLITR 2.6b (5). This allowed for an excellent 

platform to study newly discovered DrLITR-types, identify their phagocytic phenotypes, and to 

further study the functional purpose of tandem contrasting signalling motifs within the same 

receptor CYT (i.e., ITAM and ITIM).  

 Of the DrLITRs that were originally found in zebrafish, DrLITR 15.1 was reminiscent of 

the previously studied IpLITR 1.1b. Specifically, DrLITR 15.1 contains two tandem ITIMs as 

well as an ITSM, like the structure of the membrane distal region of IpLITR 1.1b. This classified 

DrLITR 15.1 as a putative inhibitory receptor-type and indicated that this receptor might need to 

be co-ligated with a stimulatory receptor to see any DrLITR 15.1-mediated control over 

phagocytic responses. DrLITR 15.1 was an ideal construct for comparing induction of 

phagocytosis and to confirm the previous observations made in our lab that inhibitory-type 
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receptors are not able to induce a phagocytic response in AD-293 cells (14). This is in contrast to 

IpLITR 1.1b-expressing RBL-2H3 cells that were able to induce an ITAM-independent mode of 

phagocytosis (9–12). When DrLITR 1.2 wt-expressing cells were engaged with bead targets, a 

very robust phagocytic response was observed that was comparable to the phenotype seen for the 

ITAM-containing chimeric receptor IpLITR 2.6b/IpFcRγ-L. Consistent with previous data, 

IpLITR 2.6b has been shown to induce potent cellular responses, including phagocytosis, when 

transfected and activated in various mammalian cell lines (8,11,14). Specifically, IpLITR 2.6b 

has been used in previously mentioned IpLITR crosstalk studies in AD-293 cells as the main 

potent inducer of the phagocytic response, where co-ligation with IpLITR 1.1b resulted in the 

overall dampening of phagocytosis (5). As such, IpLITR 2.6b was utilized as a reference for 

comparing DrLITR-mediation over phagocytic responses to an ITAM-dependent mode of 

phagocytosis. While phagocytosis was expected to occur during the induction of DrLITR 1.2 wt, 

the overall level was surprising as it was predicted that the ITIM within the CYT of DrLITR 1.2 

wt would potentially abrogate this functional outcome resulting in an overall reduced level of 

phagocytosis in comparison to the ITIM knockout variant. As expected, DrLITR 1.2 ITAM ko-

expressing cells had a complete reduction in phagocytic capacity compared to the wild-type 

construct regardless of changing experimental factors (i.e., time, mAb concentration), 

highlighting that DrLITR 1.2 wt, like other stimulatory receptors (e.g., FcγR, Dectin-1, and 

IpLITR 2.6b), requires a functional ITAM motif to elicit phagocytosis (1,4–6). However, 

knocking out the ITIM within DrLITR 1.2 did not increase the phagocytic capacity of receptor-

expressing cells as predicted. Rather, the proportion of phagocytosing DrLITR 1.2 ITIM ko 

expressing cells was surprisingly almost half the amount seen for wild-type DrLITR 1.2. This 

effect was unexpected but consistently observed when experimental conditions of the 
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phagocytosis assay were modified. By comparing the phagocytic capacities seen between 

DrLITR 1.2 wt and DrLITR 1.2 ITIM ko, it appears as though the ITIM is required for full 

functional activity of DrLITR 1.2 wt. Overall, my results illustrate the first functional 

characterization of teleost immune receptors with tandem ITAM and ITIM motifs. I have shown 

that these receptors induce potent ITAM-dependent modes of phagocytosis, and interestingly, 

while not required for the phagocytic response, the ITIM is involved in the full phagocytic 

potential of the receptor. This model suggests new avenues of signalling mechanisms that will be 

explored later in this thesis.  

 Experiments investigating the phagocytic phenotypes of DrLITR 1.2 wt and its mutant 

counterparts (i.e., DrLITR 1.2 ITIM ko and DrLITR 1.2 ITAM ko) were also performed under 

different experimental conditions, including i) establishment of optimal antibody concentrations 

for bead opsonization, ii) temporal assessment of DrLITR-mediated phagocytosis, and iii) effects 

of reduced temperature on target binding. I optimized the conditions for YG bead targets used to 

engage DrLITR constructs in two ways. The first was the use of two different antibody-binding 

proteins (i.e., protein A and protein G), which are preabsorbed to the surface of YG beads that 

allow for antibodies to be associated directly to bead targets. Protein A and G are bacterial 

virulence factors that exist on the cell wall of bacteria to escape the immune system of infected 

hosts (166). These proteins bind to the Fc portion of antibodies to prevent opsonization of the 

bacteria and prevent cell-mediated immune responses (e.g., phagocytosis). While both antibody-

binding proteins are found on the surface of bacteria, they contain separate affinities for certain 

isotype classes of antibody as well as being specific for certain antibodies sourced from different 

animal species. For example, Protein A is found on Staphylococcus aureus and has high binding 

affinity for guinea pig IgG1 while binding weakly to mouse IgG1 (166). Alternatively, protein G 
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is found on certain Streptococcal species and has high binding affinity to mouse IgG1 and weak 

binding to chicken IgG (167). These proteins have been isolated and utilized for their specific 

binding capacity of antibodies; in the context of the phagocytosis assay, polystyrene YG beads 

are preabsorbed with protein A or G to bind antibodies to the surface of bead targets for the 

engagement of receptor constructs (9,10,14,165,166). The second way bead targets were 

optimized was by examining increasing concentrations of αHA mAb opsonized to the surface of 

beads. Both experimental methods tested DrLITR binding avidity to target beads directly or 

indirectly through antibody binding and receptor engagement. Avidity is defined by the overall 

strength of the interactions between the receptor and associated ligands through the affinity of 

the direct bond made and the number of total interactions between the receptors and ligands 

(168). Typically, increased receptor-ligand avidity leads to an increase in receptor-associated 

signalling and thereby allowing for a more intense, rapid cellular effector response. However, 

certain receptor interactions lead to differential signalling responses based on receptor-ligand 

avidity. For example, the receptor FcαRI associates with the ITAM-containing adaptor molecule 

FcRγ when engaged with IgA (18). Large immune complexes composed of multiple IgA 

molecules and ligands results in stronger receptor avidity, where the ITAM can become 

phosphorylated by SFKs, leading to Syk recruitment and subsequent recruitment and activation 

of further signalling molecules for the induction of cellular effector responses such as 

phagocytosis, ADCC, and cytokine release. Upon engagement of monomeric IgA, the FcαRI 

takes on a different role whereby low valency binding of the ligand leads to Syk-based 

recruitment of SHP-1, which dampens phosphorylation signalling and leads to an overall 

inhibition of cell activation (18). As such, avidity binding was examined for DrLITR constructs 

to targets to observe the full range of signalling potentials for these receptors. My results showed 
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that both DrLITR 1.2 wt and DrLITR 1.2 ITIM ko unsurprisingly increased phagocytic capacity 

with increasing levels of mAb. While using the higher mAb affinity protein G molecule on YG 

beads also led to an overall increase in phagocytic capacity of both receptors, interestingly the 

response of DrLITR 1.2 ITIM ko was comparable to DrLITR 1.2 wt.  

 This similarity of phagocytic capacity for both DrLITR 1.2 wt and DrLITR 1.2 ITIM ko 

indicated that perhaps high avidity engagement of DrLITR 1.2 ITIM ko receptors to targets results 

in induction of stimulatory signalling that becomes indistinguishable from DrLITR 1.2 wt. This 

suggests that perhaps ITAM-containing receptors (e.g., DrLITR 1.2 ITIM ko) are able to generate a 

large signalling potential (and, by association, a greater cellular response output) during strong 

ligand engagement that diminishes as the ligand binding decreases. In contrast, perhaps the 

presence of the tandem ITIM within the ITAM-containing receptor (i.e., DrLITR 1.2 wt) 

enhances signalling at all levels of ligand binding, thereby not requiring as much engagement to 

overcome the activation threshold, but still reaches a signalling maximum comparable to ITAM 

only-containing receptors during high binding avidity to ligands. Regarding the total target 

binding between the receptors, knocking out the ITIM of DrLITR 1.2 resulted in an increase in 

the number of cells bound to targets. This was not expected for a receptor whose ability to 

phagocytose targets was seemingly diminished by the absence of a tyrosine-based signalling 

motif. This combination of evidence suggests that perhaps the presence of the ITIM within the 

same CYT of an ITAM modulates receptor interactions by increasing the overall sensitivity of 

the receptor to its associated ligands. As a result, immune cell activation and effector responses 

would require reduced ligand binding to facilitate intended effector responses, creating a more 

sensitive and efficient mechanism for the induction of responses like phagocytosis. Receptor 

modulation of sensitivity has been described; for example, CD19 is a co-receptor for BCRs, 
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where through the binding of C3d-opsonized antigens, CD19 facilitates increased antibody 

production, DNA synthesis, and enhanced release of Ca2+ for cell signalling (10). When 

comparing the structure of DrLITR 1.2 and the presence of an ITAM and ITIM within the 

receptor tail, FCRL5 is a receptor with similar structural features containing both an ITIM as 

well as an ITAM-like sequence within the CYT of the receptor (93). This ITAM-like motif 

differs from the conventional ITAM by containing a glutamic acid in place of an aliphatic 

residue at the +3 position of the second tyrosine residue. FCRL5 crosslinking on the surface of B 

cells to the BCR resulted in the overall dampening of calcium signalling as well as tyrosine 

phosphorylation compared to the engagement of the BCR alone. When the tyrosine residues 

within the ITAM were mutated to dysfunctional phenylalanine, complete dampening of calcium 

flux occurred. However, ITIM mutations resulted in a bolstering of calcium release as well as 

enhanced activation of ERK. This information suggests that the ITIM can modulate the cell 

effector responses and signalling capabilities of receptors compared to the differential response 

observed when the ITAM variant of the dual signalling motif receptor is examined.  

 The incubation of cells at sub-ambient temperatures decreases cell membrane fluidity and 

diminishes the cell signalling transduced by the engagement of the receptors as many of the 

receptor signalling components, as well as the receptors themselves, are directly associated with 

the membrane (169). As a result, the binding interactions between receptors and the target is 

largely due to receptor-target avidity. Gradually warming the construct-expressing cells 

interacting with targets also allows for observations of how the phagocytic machinery is 

coordinated as signalling mechanisms slowly become available during warming to 37°C. 

Warming allows cell membranes to regain fluidity while signalling molecules and receptors can 

begin to associate and engage with one another. Subtle differences can arise through the 
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influence of different conditions to which the receptor-containing cells and bead targets are 

subjected. This may highlight the importance that these signalling motifs have on immune 

effector responses and coordinated signalling events. For example, it was shown that IpLITR 

1.1b induced a phagocytic response at temperatures as low as 22°C compared to IpLITR 2.6b, 

where the response was dampened at any temperature below 27°C (11). To further elucidate 

IpLITR 1.1b-mediated phagocytosis and the underlying mechanisms controlling this response, 

pharmacological inhibitors of common signalling molecules associated with ITAM-dependent 

phagocytosis were utilized (11). It was found that the ITAM-containing receptor IpLITR 2.6 was 

affected by inhibitors blocking certain signalling molecules such as PI3K, Cdc42, PDK1 and 

PKC. In contrast, the phagocytic response induced by IpLITR 1.1b was only affected by SFK, 

Syk, and F-actin polymerization blockers. It was suggested then that the phagocytic response 

observed by IpLITR 1.1b required a minimal number of signalling molecules to stimulate the 

actin polymerization machinery. This would help explain why the formation of filopodia-like 

protrusions induced by IpLITR 1.1b did not require ligand binding. Following cooling of 

receptor expressing cells at 4°C, the phagocytic capacity of both DrLITR 1.2 wt and DrLITR 1.2 

ITIM ko receptors showed no significant increase until 16 minutes of warming where it appears that 

most of the phagocytic machinery is available or beginning to become available during receptor 

engagement. Additionally, like previous data, DrLITR 1.2 ITIM ko cells displayed a reduced 

phagocytic capacity compared to DrLITR 1.2 wt. When observing receptor binding of targets, 

DrLITR 1.2 wt and DrLITR 1.2 ITIM ko had very different binding patterns. While it appeared that 

DrLITR 1.2 wt binding to targets was fairly similar to its phagocytic capacity (i.e., increased after 

16 minutes of warming), a large number of DrLITR 1.2 ITIM ko -expressing cells were able to bind 

to targets even prior to any warming, which only resulted in a slight increase in binding as 
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warming time increased. Taken together, it appears that the absence of the ITIM motif within 

DrLITR 1.2 increases the binding capacity of the receptor and even allows for increased binding 

at suboptimal temperatures.   

 While these observations of DrLITR-mediated control reveal interesting new information 

on how possible signalling dynamics can fine-tune phagocytosis, it should be noted that these 

results rely on the overexpression of DrLITRs in a well-characterized mammalian cell line (i.e., 

AD-293). However, this non-immune epithelioid cell line has been successfully utilized in other 

studies to characterize immune receptor-types. Within our own lab, the efficacy of the AD-293 

system became apparent when observations of IpLITR 2.6b-mediated phagocytosis was 

described to be phenotypically similar to that of our previous studies of IpLITR 2.6b within the 

myeloid cell line RBL-2H3. In other crosstalk studies that utilized another heterologous 

expression system, chimeric FcγRIIA receptors (extracellular domain of FcγRI and CYT of 

FcγRIIA) were expressed along side FcγRIIB to specifically study the crosstalk interactions 

between the two receptors while also eliminating unintended interactions with other receptors 

that exist on hematopoietic cells (170). The responses observed using the overexpression of these 

receptors within this model allow for a conserved response of an ITAM-dependent mode of 

phagocytosis within a non-phagocytic cell line. Therefore, examination of the signalling 

dynamics controlling these responses can be directly associated with receptors that initiate the 

induction of these conserved signalling pathways.  

 In summary, I have optimized a mammalian heterologous expression system previously 

used in our lab, to study the function of ITAM and ITIM in tandem within the CYT of a single 

immune receptor and examined their effects on controlling phagocytosis. I have demonstrated 
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that this unique motif arrangement induces a potent ITAM-dependent mode of phagocytosis 

during the engagement of receptor targets comparable to that of other ITAM-containing 

receptors (1,6), which is consistent with our previous finding on IpLITR 2.6b ability to induce 

phagocytosis (2,5,11). My results also indicated for the first time that the ITIM within the 

receptor tail modulates the signalling capacity of the receptor by increasing its ability to 

phagocytose targets while reducing the receptor's target binding capabilities. Overall, this data 

suggests new possible mechanisms by which teleost immunoregulatory receptors are able to 

enhance their signalling capabilities. Specifically, classically defined inhibitory motifs in the 

context of a flanking ITAM within the same receptor CYT synergistically increases the 

signalling capability of the receptor. This may suggest that the ITIM can recruit signalling 

molecules associated with inhibition that contribute to the stimulatory signalling cascade and 

subsequent cellular effector responses observed. Chapter V in this thesis will examine important 

signalling molecules recruited to the motifs within the receptor tails, as well as downstream 

activation of further signalling molecules responsible for coordinating the phagocytic response. 

These topics will be assessed through confocal fluorescence microscopy as well as the 

pharmacological inhibition of signalling molecules during the induction of phagocytosis.  
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Figure 4.1. Comparison of DrLITR CYT immunoreceptor tyrosine-based motifs between 

transfected constructs. Receptors depicted here represent generated constructs used in this 

thesis. DrLITR 1.2 wt (A) contains 3 tyrosine residues as part of the receptors ITAM and ITIM 

within the same CYT. Through site-directed mutagenesis, 1.2 ITIM ko (B) was created through the 

substitution of the tyrosine within the ITIM (Y391) of 1.2 wt with phenylalanine (F391) to establish 

ITIM dysfunctional mutants. In a similar fashion, to create an ITAM-deficient version of the 

receptor, 1.2 ITAM ko (C) was established by also substituting tyrosines (Y514 and Y519) within the 

ITAM to phenylalanines (F514 and F519).  DrLITR 15.1 (D) contains 4 tyrosine residues, 2 of 

which are embedded in 2 overlapping ITIM motifs followed by an ITSM motif.  
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Figure 4.2. Cell-surface expression profiles and receptor schematics of generated DrLITR 

constructs stably transfected into AD-293 cells. Schematic representation of DrLITR 

constructs transfected into AD-293 cells (A). Images depict protein receptors containing a 

hemagglutinin (HA) tag on the N-terminus of the receptor, followed by immunoglobulin 

domains (D1, D2, etc.), a transmembrane region, and a cytoplasmic tail (CYT) region. DrLITR 

1.2 wt contains an immunoreceptor tyrosine-based activation motif (ITAM) in tandem to an 

immunoreceptor tyrosine-based inhibitory motif (ITIM) within the same CYT. DrLITR 15.1 

contains 2 overlapping ITIM motifs within its CYT, followed by an immunoreceptor tyrosine-

based switch motif (ITSM). DrLITR (1.2 wt, 15.1) constructs from zebrafish (Danio rerio) 

embryo cDNA library were amplified via PCR and sub-cloned into pDisplay eukaryotic 

expression vector using SmaI/SalI digestion enzymes. Additionally, mutant constructs (1.2 ITIM 

ko, 1.2 ITAM ko) were generated through site-directed mutagenesis and overlap extension PCR to 

mutate motif functional tyrosines (Y) into dysfunctional phenylamines (F). Parental AD-293 

cells were transfected with the expression vector, underwent antibiotic selection, and were 

cloned after FACS sorting. Cell clones for each DrLITR construct were then primarily stained 

with mouse αHA mAb and secondarily stained with goat-α-mouse conjugated PE. Samples were 

visualized for their DrLITR protein surface expression (B) with the Attune NxT flow cytometer 

(ThermoFisher). Cell events were gated initially based on FSC-A versus SSC-A parameters to 

remove debris and large cellular clumps, then FSC-A was gated versus FSC-H to remove 

doublets. PE fluorescence intensity was analyzed as a histogram for cellular events where αHA 

stained cells (grey shading) were compared to IgG1 isotype control stained cells (no shading).  
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Figure 4.3. Phagocytosis assays reveal subtle differences and similarities between LITR-

types and mutant constructs through imaging flow cytometry. 3 x 105 AD293 cells stably 

expressing DrLITR wild-type (1.2 wt and 15.1), mutant (1.2 ITIM ko and 1.2 ITAM ko) or IpLITR 

(2.6b) constructs were incubated with 4.5μm YG beads (9 x 105), coated in protein A (A) or 

protein G (B) followed by opsonization with αHA mAb (2μg/mL), for 15 minutes at 37°C. 

Samples were then counter-stained and subsequently analyzed using the ImageStream X Mark II. 

Events were classified as phagocytic (P; black bars) with at least 1 bead being internalized or 

surfaced bound (S; grey bars) with only surface attached beads. Samples were normalized, and 

the % values were calculated as # of surface-bound events or # of phagocytic events / # of all 

bead-associated events. Each bar represents the mean ± SEM of total cells associated with beads 

from 3 independent experiments. The bracketed % value above each bar represents the 

proportion of cells associated with beads. Sample data groups were analyzed using a one-way 

ANOVA and Tukey test (Prism 6, GraphPad, La Jolla, CA, USA). Bars containing different 

letters (a, b, or c) represent statistical significance (p ≤ 0.05) between phagocytosis (%) means.  
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Figure 4.4. Concentration optimization of αHA mAb on YG microsphere targets for 

optimal DrLITR-based phagocytosis conditions. 3 x 105 AD-293 cells stably expressing 

DrLITR constructs, 1.2 wt  (A), 1.2 ITIM ko (B), 1.2 ITAM ko (C), and 15.1 (D) constructs were 

incubated with 4.5μm YG beads (9 x 105) opsonized with varying levels of mAb αHA (1, 0.5, 

and 0.25μg/mL) for 0, 15 and 30 minutes at 37°C (or isotype control IgG1 (1μg/mL) opsonized 

YG beads) before being counter-stained and subsequently analyzed using the ImageStream X 

Mark II. Events were classified as phagocytic (P; black bars) with at least 1 bead being 

internalized or surfaced bound (S; grey bars) with only surface attached beads. Samples were 

normalized, and the % values were calculated as # of surface-bound events or # of phagocytic 

events / # of all bead-associated events. Each bar represents the mean ± SEM of total cells 

associated with beads from 3 separate experiments.  
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Figure 4.5. Temporal-based analysis of DrLITR-mediated phagocytosis through imaging 

flow cytometry. 3 x 105 AD293 cells stably expressing DrLITR 1.2 wt (A), 1.2 ITIM ko (B), 1.2 

ITAM ko (C), and 15.1 (D) constructs were incubated with mAb αHA (1μg/mL) opsonized 4.5μm 

YG beads (9 x 105) for 0, 5, 10, and 15 minutes at 37°C (or isotype control IgG1 (1μg/mL) 

opsonized YG beads for 15 minutes) before being counter-stained and subsequently analyzed 

using the ImageStream X Mark II. For additional analysis, the 15-minute bead incubation values 

(E) for each construct were conglomerated and compared to each other. Events were classified as 

either being phagocytic (P; black bars) with at least 1 bead being internalized or surfaced bound 

(S; grey bars) with only surface attached beads. Samples were normalized, and the % values 

were calculated as # of surface-bound events or # of phagocytic events / # of all bead-associated 

events. Each bar represents the mean ± SEM of total cells associated with beads from 3 separate 

experiments. The bracketed % value above each bar represents the proportion of cells associated 

with beads. Sample data groups were analyzed using a one-way ANOVA and Tukey test (Prism 

6, GraphPad, La Jolla, CA, USA). Bars containing different letters (a, b, or c) represent statistical 

significance (p ≤ 0.05) between phagocytosis (%) means.  
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Figure 4.6. Knockout mutant displays contrasting binding and phagocytic phenotype 

during recovery from cold incubation. 3 x 105 AD-293 cells stably expressing DrLITR 1.2 wt 

and 1.2 ITIM ko constructs were preincubated for 30 minutes at 4°C followed by the addition of 

4.5μm YG beads (9 x 105) opsonized with αHA mAb (1μg/mL) and left to incubate for a further 

30 minutes at 4°C. Samples were then allowed to warm at differing increments by moving them 

to 37°C for 0, 2, 4, 8 and 16 minutes. As an isotype control, cells were alternatively given IgG1 

(1μg/mL) coated YG beads, incubated at 4°C then warmed at 37°C for 16 minutes. Samples 

were then counter-stained and subsequently analyzed using the ImageStream X Mark II. Cells 

associated with bead targets from 1.2 wt (A) or 1.2 ITIM ko (B) samples were calculated as the # of 

cell-bead-associated events / # total cell events. In addition, events from 1.2 wt (C) or 1.2 ITIM ko 

(D) were classified as either being phagocytic (P; black bars) with at least 1 bead being 

internalized or surfaced bound (S; grey bars) with only surface attached beads. Samples were 

normalized, and the % values were calculated as # of surface-bound events or # of phagocytic 

events / # of all cell-bead-associated events. Each bar and line bar represents the mean ± SEM 

from 3 independent experiments. 
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Chapter V 

Examining Recruitment of pSHP-2 and Stimulatory Signalling Effectors 

during DrLITR 1.2-mediated Phagocytosis 

5.1 Introduction  

 In chapter IV, my results showed that DrLITR 1.2 wt induced an ITAM-dependent mode 

of phagocytosis when engaged with opsonized bead targets, however, the phagocytic activity 

was significantly reduced when the ITIM within the CYT was functionally knocked out. It was 

also shown that target binding to DrLITR 1.2 ITIM ko-expressing cells increased in comparison to 

the binding of targets to DrLITR 1.2 wt-expressing cells and even facilitated enhanced target 

binding at sub-ambient temperatures. Taken together, these observations suggest that the ITIM 

motif within DrLITR 1.2 is required to facilitate the receptor's full phagocytic potential and is 

likely directly involved in the downstream signalling mechanisms of DrLITR 1.2 ITAM-

dependent control over target binding and engulfment processes. 

 The requirement of the ITAM within the CYT of DrLITR 1.2 for the induction of 

phagocytosis suggests that this receptor may be similar to that of classical stimulatory receptor-

types such as the mammalian FcRs (51). Initial engagement of the receptors by ligands results in 

SFKs phosphorylating tyrosine residues embedded within the ITAM of the receptor CYT 

(51,89,90). This then creates a docking site by which early signalling kinases, such as Syk, can 

be recruited via their SH2 domains. This association with the receptor causes Syk to become 

activated (by SFKs or autophosphorylation), resulting in further phosphorylation and activation 

of other downstream signalling components (e.g., PI3K and PLCγ), leading to regulation of F-

actin polymerization and cell membrane remodelling for the engulfment of bound receptor 
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ligands. Since the phagocytic response requires a functional ITAM within the CYT of DrLITR 

1.2, it can be hypothesized that the engulfment of targets is initiated by the engagement of 

receptors leading to the recruitment of proximal signalling molecules (SFKs and Syk), 

facilitating activation of intermediate signalling components (PI3K), resulting in the induction of 

distal phagocytic machinery (F-actin polymerization) commonly associated with the control of 

ITAM-dependent phagocytosis. Thus pharmacological inhibition of these components during the 

phagocytic process should result in a significant abrogation of DrLITR 1.2-mediated 

phagocytosis. The use of small molecule inhibitory drugs has been utilized in our lab for 

pharmacological profiling of the ITAM-dependent and ITAM-independent signalling pathways 

of both IpLITR 2.6b and the IpLITR 1.1b phagocytosis, respectively (11). For example, drug 

inhibition of the signalling components SFK, Syk, PI3K, Akt, Cdc42, RAC1/2/3, MEK1/2, 

PDK1 and F-actin polymerization all dampened the phagocytic response observed during 

engagement of IpLITR 2.6b receptors in RBL-2H3 cells. However, it was found that only 

inhibition of SFK, Syk, and F-actin polymerization resulted in a decrease of phagocytosis 

observed for IpLITR 1.1b. This data suggested that the mechanisms utilized by IpLITR 1.1b 

differed from that of IpLITR 2.6b, requiring a smaller set of signalling components for the 

inductions of IpLITR 1.1b-mediated phagocytosis. 

 Since a reduction of phagocytosis was previously observed as a result of mutating the 

ITIM within the CYT of DrLITR 1.2, it is likely that the direct recruitment of signalling 

molecules to this motif somehow facilitates the enhancement of signalling downstream of 

receptor engagement. ITIM-containing receptors are classically associated with inhibition via the 

recruitment of SH2-domain-containing tyrosine phosphatases such as SHP-1, SHP-2, and SHIP 

(19,89). These enzymes facilitate the hydrolysis of phosphate groups resulting in signalling 
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molecule inactivation and/or inability to associate with other signalling molecules and domains, 

overall dampening effector responses. As mentioned previously, increasing data on ITIM-

containing receptors is beginning to reveal that aside from their classical inhibitory roles, these 

receptors are also involved in the induction of stimulatory signalling. For example, PECAM-1 

contains tandem ITIMs within its CYT that have been shown to recruit Syk (139). 

Approximately 22 amino acids separate the tyrosines within the ITIMs at a distance greater than 

the ~12 amino acids typical ITAM tyrosines are separated by. However, it was shown that the 

phosphorylation of both tyrosines exhibits ITAM-like properties and are required for the 

association with Syk, leading to Syk phosphorylation aiding in macrophage proliferation and 

preventing aggregation of cells. In a similar context, our lab’s previous studies have also 

showcased that the ITIM-containing receptor IpLITR 1.1b induces an ITAM-independent mode 

of phagocytosis in myeloid cells facilitated by the catalytic activity of both Src and Syk kinases 

(9–11). In addition to the functional plasticity of signalling motifs, signalling molecules 

classically associated with specific motifs are not restricted to facilitate strict inhibition or 

activation. For example, SHP-2 can also function as an adaptor molecule in a phosphatase-

independent mechanism by associating with Gab2, which contains tyrosine motifs, a PH domain, 

as well as a proline-rich region for binding of SH3 and SH2 domain-containing molecules such 

as PI3K and PLCγ (171). Stimulated platelet-derived growth factor receptor (PDGF-R) has also 

been shown to bind SHP-2 to a tyrosine residue within the CYT of the receptor, causing SHP-2 

itself to become phosphorylated and allowing for Grb-2 binding directly to SHP-2 (172). This 

association with SHP-2 leads to further activation of downstream molecules such as Ras, a key 

regulator of cell proliferation, growth, and migration (6). This SHP-2 complexing with Grb2 as 

well as Gab2 is also observed during T lymphocyte stimulation with IL-2, where mutations 
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preventing the recruitment of SHP-2 resulted in controlled activation of ERK (171). 

Interestingly, the phosphatase enzymatic activity of SHP-2 is also documented to contribute to 

the stimulatory induction of cell signalling. For example, SHP-2 is required in RTK signalling by 

dephosphorylating the transmembrane glycoprotein PAG/Cbp (173). This protein directly 

associates with Csk, localizing it close to SFKs within the cell, allowing Csk to dampen SFK 

activity by phosphorylating inhibitory C-terminal tyrosines. The activity of SHP-2 indirectly 

bolsters SFK activation, and in contrast, SHP-2 deficiency has led to hyperphosphorylation of 

SFK C-terminal tyrosines and also decreased PLCγ and Ras activation. Overall, both lines of 

evidence for SHP-2-based cell activation suggest two models (i.e., phosphatase-independent and 

phosphatase-dependent) are possible regarding the ITIM-enhancement of DrLITR 1.2-mediated 

phagocytosis. Therefore, it is hypothesized that DrLITR 1.2 recruits SHP-2 to its ITIM motif 

during the phagocytosis of bead targets. It is also hypothesized that if SHP-2 was recruited, it 

plays a role in the enhancement of the DrLITR 1.2-mediated phagocytic response observed 

compared to the ITIM knockout variant. It is also predicted that if pSHP-2 is indeed recruited 

during phagocytosis, it is possible to decern whether the enzymatic activity of the phosphatase 

plays a role in this response through pharmacological inhibition of SHP-2 and measuring the 

level of phagocytosis that changes from blocking this potential pathway by utilizing the 

phagocytosis assay established in chapter IV. 

 The objective of this thesis chapter was to begin to examine the signalling dynamics 

associated with DrLITR 1.2 control over the phagocytic response. To test my hypothesis that 

SHP-2 is recruited and involved in fine-tuning DrLITR-mediated phagocytosis, fluorescence 

confocal microscopy was used to examine the recruitment of phosphorylated SHP-2 (pSHP-2) to 

phagocytic cups formed by DrLITR 1.2-expressing cells engulfing bead targets. In addition, a 
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pharmacological profile was conducted on DrLITR 1.2 to examine further the potential 

involvement of SHP-2 and molecules commonly associated with ITAM-dependent phagocytosis. 

My results indicate that pSHP-2 is recruited during DrLITR-mediated phagocytosis and that its 

augmentation of phagocytosis may be independent of phosphatase activity. Additionally, my 

results also show that the signalling network as well as the signalling components (i.e., SFK, 

Syk, PI3K and F-actin polymerization) utilized by DrLITR 1.2 reflects that of an ITAM-

containing receptor. This data provide new insights into the mechanistic control over cellular 

effector responses by an ITAM and ITIM-containing receptor.  

5.2 Results 

5.2.1 Confocal Examination of pSHP-2 and pSyk Recruitment during DrLITR 1.2-

mediated Phagocytosis 

 Confocal fluorescence microscopy was performed to assess the recruitment of pSHP-2 to 

the CYT of DrLITR 1.2. Specifically, DrLITR 1.2 wt, DrLITR 1.2 ITIM ko, and DrLITR 1.2 ITAM ko-

expressing cells were incubated with αHA mAb opsonized NF beads. As controls, IpLITR 2.6b 

and IpLITR 1.1b co-expressing cells were incubated with either αHA mAb + αFLAG mAb or 

αHA mAb + IgG1 co-opsonized beads. Extracellularly exposed areas of bead targets were stained 

with IgG-conjugated AF647 (red) to decern between internalized targets that were protected 

from staining by the cellular membrane. Cells were internally stained for signalling molecules of 

interest (i.e., pSHP-2 or pSyk) using primary pAb and secondary IgG-conjugated AF488 (green). 

Analysis of bead targets that were partially engulfed by the cells were represented by a red half-

ring fluorescence where an active phagocytic process was occurring. Representative microscopy 

images (Fig. 5.1) show the fluorescence of stained molecules of interest (top panel; green), 
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counterstained exposed bead targets (middle panel; green) and a merge between the two 

fluorescence channels (bottom panel; red + green). Cross-linking of both IpLITR 2.6b and 

IpLITR 1.1b with the same bead target resulted in the recruitment of pSHP-2 to the phagocytic 

synapse (i.e., areas around the target that contained minimal amounts of red bead counter stain) 

represented by the green fluorescence (Fig. 5.1A). In comparison, engagement of IpLITR 2.6b 

alone did not result in the recruitment of pSHP-2. DrLITR 1.2 wt engagement also resulted in the 

recruitment of pSHP-2 to the bead-cell interface, however, DrLITR 1.2 containing a 

dysfunctional ITIM (i.e., DrLITR 1.2 ITIM ko) did not. In addition, receptors containing a 

dysfunctional ITAM motif also displayed an absence of pSHP-2 recruitment and had reduced 

numbers of phagocytic events when compared to the other receptor construct-expressing cells 

(data not shown). In addition to pSHP-2 recruitment, IpLITR 2.6b, DrLITR 1.2 wt, and DrLITR 

1.2 ITIM ko all recruited pSyk to the phagocytic synapse when engaged by bead targets, while 

DrLITR 1.2 ITAM ko did not (Fig.5.1B). 

 To further assess the recruitment of pSHP-2 to the receptor CYT during LITR-mediated 

phagocytosis and to quantify the level of fluorescence, microscopy images were measured for the 

mean fluorescence intensity (MFI) across targets during cellular engulfment. For each figure, a 

reference arrow was drawn across a bead target where the level of fluorescence for both pSHP-2 

(left panel; green) as well as bead counterstain (middle panel; red) was measured within the 

merged fluorescence image (Fig. 5.2; right panel; green + red). The measured fluorescence of 

pSHP-2 (green line) and the bead counter stain (red line) across the reference arrow were then 

plotted on a histogram. Targets of interest are indicated (*) and were chosen for their pattern of 

decreased fluorescence of bead stain at the bead-cell interface indicating the target was being 

engulfed. Figure 5.2A shows co-opsonized beads being engulfed at the time of sample 
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preparation by IpLITR 2.6b and IpLITR 1.1b co-expressing cells indicated by the absence of 

bead counterstain fluorescence on the side of the target interacting with the cell (Fig. 5.2A; 6.75 

μm, ~450 MFI). This was inverse for the level of pSHP-2 fluorescence examined in the same 

region (~1875 MFI). The area of the extracellularly exposed bead had prominent levels of bead 

counterstain fluorescence (2.25 μm; ~1905 MFI) with low levels of pSHP-2 (~375 MFI). When 

IpLITR 2.6b was engaged alone by targets, engulfment of beads still took place as indicated by 

the single high peak of bead fluorescence (Fig. 5.2B; 2.52 μm, ~3500 MFI), however, 

intracellular recruitment of pSHP-2 at the bead-cell interface did not occur (7.02 μm, ~800 MFI). 

Examination of wild-type DrLITR 1.2 (i.e., DrLITR 1.2 wt) during bead target engagement also 

led to phagocytosis of the target (Fig. 5.2C; 2.20 μm, ~2800 MFI), while recruiting elevated 

levels of pSHP-2 to the phagocytic synapse (6.75 μm, ~2400 MFI). In comparison, DrLITR 1.2 

ITIM ko engulfment of targets (2.20 μm, ~2450 MFI) did not result in the recruitment of 

intracellular pSHP-2 (Fig. 5.2D, 6.70 μm, ~500 MFI). In all measured samples, the areas of 

extracellularly exposed beads had no recruitment of pSHP-2, as indicated by little to no overlap 

of bead fluorescence. In contrast, high fluorescence of pSHP-2 was seen at the intracellular 

portion of the target, where no bead stain was measured. 

 The mean fluorescence intensities of pSHP-2 at the bead-cell synapse was measured for 

fifty separate phagocytic events for IpLITR 2.6b crosslinked with IpLITR 1.1b, IpLITR 2.6b 

engaged alone, DrLITR 1.2 wt and DrLITR 1.2 ITIM ko. Consistent with what was observed above, 

the cross-linking of IpLITR 2.6b with IpLITR 1.1b resulted in the recruitment of pSHP-2 (Fig. 

5.3; ~1360 MFI) to the phagocytic synapse at significantly higher levels (p ≤ 0.001) than that of 

single engagement of IpLITR 2.6b to targets (~570 MFI). Similarly, engagement of DrLITR 1.2 

wt to bead targets also resulted in high pSHP-2 fluorescence (~1250 MFI) that was significantly 
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(p ≤ 0.001) decreased when the ITIM was knocked out (~530 MFI). Overall, this data suggests 

that co-engagement of IpLITR 2.6b with IpLITR 1.1b results in the recruitment of pSHP-2 to the 

phagocytic synapse. Additionally, my results show that DrLITR 1.2 can also recruit pSHP-2 

during phagocytosis and is dependent on the presence of a functional ITIM within the receptor 

CYT.  

 Further examination of the phagocytic synapse for the recruitment of pSyk was 

conducted similarly to what was mentioned above for pSHP-2 fluorescence examination. Briefly, 

the fluorescence of pSyk (green) and bead counterstain (red) was measured on a reference arrow 

that crossed a bead target undergoing phagocytosis (Fig. 5.4). Targets being engulfed by IpLITR 

2.6b-expressing cells resulted in the recruitment of pSyk (Fig. 5.4A; green line, 6.4 μm, ~2950 

MFI) to the phagocytic synapse opposite to the extracellularly exposed side of the target as 

indicated by the single bead-stained peak (red line; 1.9 μm, ~3500 MFI). This was also seen for 

targets being engulfed by DrLITR 1.2 wt and DrLITR 1.2 ITIM ko co-expressing cells where pSyk 

recruitment resulted in high measured fluorescence at the bead-cell interface at ~3500 MFI (Fig. 

5.4B; 6.7 μm) and ~2800 MFI (Fig. 5.4C; 6.5 μm), respectively. However, mutation of the 

ITAM motif within DrLITR 1.2 (i.e., DrLITR 1.2 ITAM ko) led to an overall reduction of recruited 

pSyk to the bead-cell interface where low fluorescence was measured (Fig. 5.4D; 6.6 μm, ~1020 

MFI). Similar to pSHP-2 examination, there was little to no measured merged fluorescence 

between exposed beads and recruitment of pSyk at areas of high fluorescence intensity. In 

summary, IpLITR 2.6b, along with DrLITR 1.2, are able to recruit pSyk to the phagocytic 

synapse during the phagocytosis of bead targets. In addition, DrLITR 1.2-mediated recruitment 

of pSyk is dependent on a functional ITAM within the receptor CYT.   
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5.2.2 Pharmacological Examination of DrLITR-mediated Phagocytosis 

 To investigate the potential mechanisms involved in DrLITR-controlled signalling, 

pharmacological inhibitors of signalling molecules and phagocytic machinery components were 

examined for their effects on DrLITR-mediated phagocytosis. In addition to pharmacological 

profiling, separate YG targets were given to samples that were opsonized with either a higher or 

lower concentration of αHA mAb to observe how receptor-target binding avidity affects the 

induction of signalling components for phagocytosis. Finally, an enzymatic inhibitor of SHP-2 

activity was also used to decern the potential role SHP-2 plays in bolstering DrLITR 1.2-

mediated phagocytosis. Molecules chosen for pharmacological inhibition were selected based on 

components associated with ITAM-dependent phagocytosis as well as previous pharmacological 

studies done in our lab on IpLITR 2.6b and IpLITR 1.1b-mediated phagocytosis (11). Inhibitors 

used in this thesis are listed in Table 3.2, which displays drug names, their intracellular 

molecular target(s), and the concentrations used at high dose (HD; μM) and low dose (LD; μM) 

levels. Figure 5.5 shows the inhibition of phagocytosis (y-axis) due to the addition of the 

indicated pharmacological inhibitors (x-axis) added to samples and was analyzed using the 

imaging flow cytometric phagocytosis assay explored in chapter IV.  

 Inhibitory profiles between LITR-expressing cells show similar trends in the reduction of 

phagocytosis. For example, IpLITR 2.6b, DrLITR 1.2 wt, and DrLITR 1.2 ITIM ko, when engaged 

with low αHA mAb opsonized targets, were most affected by Cytochalasin D (actin 

polymerization; 84% - 90% inhibition), Wortmannin (PI3K; 67% - 80% inhibition), and PP2 

(Src kinases; 22% - 73% inhibition; Fig. 5.5A, 5.5B, and 5.5C). However, PP2 appeared more 

effective at inhibiting phagocytosis associated with DrLITR 1.2 ITIM ko (67%) compared to 

DrLITR 1.2 wt (22%; compare Fig. 5.5B vs Fig. 5.5C). NSC 87877 (SHP-2) also affected all 
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three LITR construct-expressing cells lines similarly with no significant (p ≥ 0.05) inhibition of 

phagocytosis, though it is noted that in all three cases, there appears to be a slight increase in 

phagocytosis rather than any inhibition, ranging from -3% to -10% inhibition (Fig. 5.5A, 5.5B, 

and 5.5C). While DrLITR 1.2 wt appeared to be affected by ER 27319 (Syk) with inhibition of 

16%, only inhibition of DrLITR 1.2 ITIM ko (26%) and IpLITR 2.6b-mediated phagocytosis (41%) 

by the drug was significantly (p ≤ 0.05) different from the vehicle control. A ten-fold reduction 

in the concentration of pharmacological inhibitors resulted in a large decrease in overall 

inhibition for all three constructs for both PP2 (range from -2% to 9%) and ER 27319 (range 

from -5% to -3%), Wortmannin at low dosage still resulted in significantly high inhibition of 

phagocytosis (range from 42% - 58%) between all three construct expressing cells (Fig. 5.5A, 

5.5B, and 5.5C).  

 The same panel of pharmacological inhibitors was also used to block IpLITR 2.6b, 

DrLITR 1.2 wt, and DrLITR 1.2 ITIM ko-expressing cells incubated with high αHA mAb opsonized 

targets to better examine the role binding avidity may play in signal transduction and to resolve 

differences between LITR constructs further. As was seen when using the low mAb opsonized 

targets, phagocytosis of high mAb opsonized beads for all three construct-expressing cells 

mainly were affected by Cytochalasin D treatment (> 95% inhibition; Fig. 5.5D, 5.5E, and 5.5F). 

In addition, Wortmannin (PI3K blocker) significantly inhibited phagocytosis of the three 

constructs compared to the vehicle control, although the level of inhibition observed was higher 

when engaged with low mAb targets. Specifically, inhibition due to Wortmannin treatment for 

IpLITR 2.6b cells went from 67% with low mAb targets and was significantly different (p ≤ 

0.05) to the 48% inhibition seen with high mAb targets (compare Fig. 5.5D and Fig. 5.5A). The 

change seen with DrLITR 1.2 ITIM ko cells treated with Wortmannin was also significantly 
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different (p ≤ 0.05) and went from 80% inhibition with low mAb targets to 54% with high mAb 

beads (compare Fig. 5.5C and Fig. 5.5F). The pharmacological inhibition of Src family kinases 

(PP2) also displayed differences in the dampening of phagocytosis between constructs engulfing 

low vs high mAb opsonized targets. PP2 (SFK blocker)-based inhibition of phagocytosis for 

IpLITR 2.6b-expressing cells changed dramatically when low mAb targets (72%) were used in 

comparison to high mAb beads (11%; compare Fig. 5.5D and Fig. 5.5A). A relatively smaller 

change in PP2 (SFKs)-induced inhibition was also seen for DrLITR 1.2 ITIM ko-expressing cells 

(67% to 43%), although the differences seen were not significant (p ≥ 0.05; compare Fig. 5.5C 

and Fig. 5.5F). The use of ER 27319 (Syk blocker) had a greater inhibitory effect on IpLITR 

2.6b-expressing cells when engaged with low mAb targets (41%) rather than high mAb targets 

(26%), however, unlike what was observed for low mAb beads, the inhibition of phagocytosis of 

high mAb targets measured was not statistically significant from that of the vehicle control (p ≤ 

0.05; compare Fig. 5.5D and Fig. 5.5A). Unlike how greater inhibition was observed when 

switching to low mAb opsonized bead targets for certain drugs, the use of ER 27319 on DrLITR 

1.2 ITIM ko-expressing cells resulted in an increase in the level of inhibition from the engagement 

of low mAb targets (26%) to high mAb targets (32%), which was statistically significant 

compared to the DMSO vehicle control (compare Fig. 5.5C and Fig. 5.5F). Interestingly, in 

comparison to the other LITR constructs (i.e., IpLITR 2.6b and DrLITR 1.2 ITIM ko), DrLITR 1.2 

wt displayed very little measured differences in drug-based inhibition of phagocytosis between 

low mAb targets and high mAb targets for Wortmannin (74% and 81%), PP2 (22% and 28%), 

and for ER 27319 (16% and 18%), although inhibition of low mAb targets with ER 27319 was 

significant (p ≤ 0.05) against DMSO vehicle control unlike what was seen for the inhibition of 

engulfment of low mAb targets (compare Fig. 5.5B and Fig. 5.5E). Similarly to what was 
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observed previously with low mAb opsonized beads, a 10-fold reduction in drug concentration 

resulted in a large decrease in inhibition for PP2 (range from 1% to 3% inhibition), ER 27319 

(range from 2% to 5% inhibition), and Wortmannin (range from 11% - 40% inhibition; Fig. 

5.5D, 5.5E, and 5.5F). Once again, regardless of construct, the concentration of drug, or amount 

of αHA on the surface of targets, no significant (p ≥ 0.05) increase in inhibition was attributed to 

the addition of NSC 87877 (ranging from -4% and 1% inhibition). 

 Finally, to establish a control for the potential phosphatase activity of SHP-2 when 

recruited to DrLITR 1.2, NSC 87877 (SHP-2 inhibitor) was utilized on IpLITR co-expressing 

cells. Specifically, the co-engagement of both IpLITR 2.6b and IpLITR 1.1b is required for 

crosstalk inhibition of IpLITR 2.6b-induced phagocytosis in a SHP-2-mediated process (14). 

Thus the addition of NSC 87877 would potentially restore the phagocytosis induced by IpLITR 

2.6b, by inhibiting the enzymatic activity of SHP-2 recruited by IpLITR 1.1b, under the 

assumption that SHP-2 phosphatase activity is responsible for the inhibition measured. As per 

Figure 5.5G, there was no significant increase in the levels of phagocytosis when cells were 

exposed to both high (3%) and low concentrations (7%) of NSC 87877 during phagocytosis of 

co-opsonized bead targets.  

5.3 Discussion 

 My main objective in this thesis chapter was to examine the molecular signalling 

mechanisms controlling DrLITR 1.2-mediated phagocytosis with a special interest in the 

recruitment of signalling molecules to the ITIM within the receptor CYT. In addition, the 

identification of molecule regulators commonly associated with ITAM-mediated phagocytosis 

were examined to solidify this receptor as a stimulatory immunoregulatory protein. Here I show 
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that upon cellular engulfment of targets, DrLITR 1.2 recruits pSHP-2 to the phagocytic synapse 

in an ITIM-dependent manner. I also show that, similar to ITAM-containing phagocytic 

receptors such as IpLITR 2.6b, DrLITR 1.2 can recruit pSyk to the synapse as well. Additionally, 

pharmacological profiling suggests DrLITR 1.2 utilizes signalling regulators of phagocytosis 

commonly seen for other immunoregulatory receptor-types.   

 Phagocytic phenotypic investigation of DrLITR 1.2 within a heterologous expression 

system was examined in chapter IV and led to observations that DrLITR 1.2 induced an ITAM-

dependent phagocytic response employed by this receptor when engaged with opsonized bead 

targets. As a result, it was first hypothesized that DrLITR 1.2 utilized signalling components 

(i.e., SFK, Syk, PI3K and F-actin polymerization) commonly associated with the ITAM-

dependent phagocytic pathway seen in other receptor-types such as FcRs and IpLITR 2.6b 

(11,51,89). Additionally, since the presence of the ITIM facilitated an enhanced phagocytic 

capacity of DrLITR 1.2, it was hypothesized that the ITIM could recruit ITIM-associated 

signalling molecules, such SHP-2, during the phagocytic process and that the recruitment of 

these signalling molecules enhanced the phagocytic capacity of the receptor. The next logical 

step in investigating DrLITR-mediated phagocytosis was to elucidate the specific signalling 

molecules involved in this response, however, while the use of imaging flow cytometry was ideal 

for high throughput analysis of LITR-mediated phagocytosis, it was unable to be used for the 

detailed examination of signalling molecule recruitment during phagocytosis. Therefore 

fluorescence confocal microscopy was used to begin to examine signalling molecule recruitment 

to the phagocytic synapse. Confocal analysis of DrLITR 1.2 during the engulfment of beads 

allowed for a more thorough and detailed screening of cells interacting with targets. In the same 

principle as the imaging flow phagocytic assay, bead counterstain was used to distinguish bead 
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targets as well as the progression of phagocytosis via stages of bead engulfment. Surface-bound 

beads fully exposed to the extracellular environments appeared as a red ring, while completely 

engulfed targets were protected from the antibody stain that was unable to pass the cell 

membrane. Cells of interest were depicted as a half ring of fluorescence which indicated that the 

target bead was being phagocytosed at the time of sample processing as the portion of the bead 

exposed to the extracellular environment would be counterstained, leaving the internal portion of 

the target undergoing engulfment, unstained and protected due to being captured by the plasma 

membrane. As such, a phagocytic synapse between the DrLITR-containing cell and the target 

could be visualized by comparing the elevated level of bead extracellular counterstain 

fluorescence that did not overlap with the fluorescence of intracellularly stained cell signalling 

molecules of interest. Information on the possible signalling components utilized for coordinated 

signalling during DrLITR 1.2 receptor engagement could then be deduced by examining 

molecule recruitment to the bead-cell interface where engagement of the receptor to the target 

leads to the induction of the signalling cascade associated with receptor-type (i.e., at the 

phagocytic synapse) 

 As mentioned in chapter IV, DrLITR 1.2 induces a robust phagocytic phenotype when 

engaged by targets that is dependent on the presence of a functional ITAM. In the context of 

ITAM-containing (or ITAM adaptor molecule recruiting) stimulatory receptors, dual tyrosine 

residues within the ITAM become phosphorylated by SFKs, whereby SH2 domain-containing 

kinases, like Syk, are able to bind and become activated by phosphorylation (51,89,90). pSyk is 

then able to continue and phosphorylate other signalling molecules critical for the start of a 

signalling cascade and induction of cell effector responses (e.g., phagocytosis). Syk is involved 

in the signalling pathways of many receptor types, including phagocytosis by CR3, Dectin-1, and 
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FcγR receptor engagement (16,17). Thus, as a crucial initial signalling molecule for 

phagocytosis, I wanted to examine the potential of DrLITR 1.2 to recruit pSyk via its ITAM to 

begin investigating the potential signalling molecules and pathways utilized by this immune 

receptor-type, and to draw comparisons to other ITAM-containing immunoregulatory receptors. 

Consistent with what was shown in our previous studies, the ITAM-containing receptor IpLITR 

2.6b recruits pSyk to the phagocytic synapse between receptor-expressing cells and bead targets 

engaging receptor constructs (9).  In direct comparison, DrLITR 1.2 was able to similarly recruit 

pSyk to the synapse, directly supporting previous observations that DrLITR 1.2-induces an 

ITAM-dependent mode of phagocytosis. This was also observed regardless of DrLITR 1.2 

containing a functional or dysfunctional ITIM, again reaffirming the previous observations that 

the inhibitory aspect of the ITIM did not reduce the phagocytic capacity of the receptor. Overall, 

this information helps solidify the classification that DrLITR 1.2 is similar to other stimulatory 

ITAM-containing receptor types by recruiting the same initial molecules that propagate the 

response.  

 Since previous data showed that DrLITR 1.2 induced a potent ITAM-dependent mode of 

phagocytosis with the recruitment of the ITAM-associated signalling molecule Syk, it seemed 

unlikely that a possible inhibitory molecule such as SHP-2 could be co-recruited to the 

phagocytic synapse. However, the differential phagocytosis capacities observed between 

DrLITR 1.2 wt and DrLITR 1.2 ITIM ko suggested that ITIM-associated molecules (e.g., SHP-2) 

facilitate the differences seen. As mentioned before, ITIMs are classically associated with 

inhibitory receptor-types. Upon receptor triggering, tyrosine residues within the ITIM become 

phosphorylated and promote the recruitment of phosphatases (i.e., SHP-1, SHP-2, SHIP1, 

SHIP2) via their SH2 domains (62). Recruited and phosphorylated (i.e., activated) phosphatases 
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(e.g., pSHP-2) are then able to dephosphorylate signalling molecules and other proteins in close 

proximity to the site of receptor engagement, overall dampening cell signalling and inhibiting 

cellular effector responses. This was observed in our lab when the ITAM-containing receptor 

IpLITR 2.6b was co-transfected into the same AD-293 cell line as the ITIM-containing receptor 

IpLITR 1.1b. Upon co-engagement of both receptors with the same bead targets, receptor 

crosstalk resulted in overall inhibition of the phagocytic response that was seen when IpLITR 

2.6b was engaged alone (14). The use of confocal microscopy during this receptor crosstalk 

event also revealed that pSHP-2 was localized to the bead-cell interface and that any tyrosine 

mutations within the membrane distal region (i.e., ITIM-containing region) of IpLITR 1.1b 

prevented recruitment of pSHP-2. As such, co-engagement of IpLITR 2.6b and IpLITR 1.1b was 

ideal for observing the recruitment of pSHP-2 to the phagocytic synapse compared to the 

engagement of DrLITR 1.2 constructs during confocal analysis. Consistent with our lab’s 

previous studies, co-engagement of the IpLITRs resulted in substantial pSHP-2 recruitment 

during phagocytosis, and that singular engagement of IpLITR 2.6b did not as the ITIM-

containing receptor was not stimulated. As predicted, DrLITR 1.2 was able to recruit pSHP-2 to 

the phagocytic synapse in an ITIM-dependent manner, and that there was a significant decrease 

of pSHP-2 fluorescence when the ITIM was knocked out. This information supports predictions 

that the pSHP-2 could play a supporting role in mediating control over the phagocytosis seen for 

DrLITR 1.2 wt whereby knocking out the ITIM results in dampening of the response. My results 

show that DrLITR 1.2, consistent with other ITAM-containing receptors, is able to recruit pSyk 

to the phagocytic synapse in an ITAM-dependent manner during engagement with bead targets. 

My work also shows, interestingly, that this receptor recruits pSHP-2 to the synapse that is 

dependent on a functional ITIM upon engagement. Overall these results suggest that not only 



123 

 

does the ITAM within DrLITR 1.2 dominate the functional phagocytic output of the receptor, but 

it is able to do so light of the fact that the putative inhibitory molecule pSHP-2 is recruited to 

ITIM that enhances the phagocytic response.  

 Immunoregulatory receptor signalling networks are extremely complex and may differ 

not only among receptor-types but also between cells on which the receptors are expressed. For 

example, the dual motif (i.e., ITAM-like and ITIM) containing receptor FCRL5 is expressed on 

the surface of B cells. Co-ligation of this receptor significantly inhibited BCR activation and the 

resulting Ca2+ signalling when expressed in MZ B cells (93). However, similar B1 B cell line 

experiments did not disrupt BCR signalling. It was suggested that the differences observed may 

be due to MZ B cells containing higher intrinsic levels of SHP-1, basal calcium flux, and overall 

tyrosine phosphorylation that result in stronger signalling transduction during FCRL5 

engagement. As such, employing pharmacological inhibitors of signalling molecules associated 

with a wide range of receptor signalling pathways allowed for a generalist screen of the potential 

mediators that DrLITR 1.2 utilizes during the control of phagocytosis. Previous use of drugs in 

our lab were used to characterize the signalling networks of IpLITR 1.1b. When this receptor 

was expressed in myeloid cells (i.e., RBL-2H3), it induced a unique ITAM-independent mode of 

phagocytosis that was only affected by inhibitors of Syk, SFK, and F-actin polymerization (11). 

In comparison, the phagocytic response from the ITAM-containing receptor IpLITR 2.6b was 

inhibited by drugs targeting Syk, SFK, F-actin polymerization, PI3K, PDK1, Cdc42, Rac, and 

PKCs. Similarly, I wanted to use drug-based inhibition assays using DrLITR 1.2-expressing cells 

to characterize the components involved in signalling regulation. However, the previous use of 

pharmacological inhibitors on phagocytosis was based on IpLITRs expressed in RBL-2H3 cells 

(11). Therefore, I first observed the effects of these drugs on IpLITR 2.6b-expressing AD-293 
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cells to, i) observe if pharmacological inhibition of common signalling molecules translate across 

cell lines for the same receptor-type, and ii) to optimize drug concentrations to establish 

significant inhibition of IpLITR 2.6b. Initial drug concentrations were set based on what was 

previously reported for RBL-2H3-expressing IpLITR 2.6b (11). Apart from increasing drug 

concentrations of Wortmannin and ER 27319, all pharmacological inhibitors tested were 

effective at inhibiting IpLITR 2.6b-mediated phagocytosis within AD-293 cells. In addition to 

the established concentrations of drugs, a 10x reduction in the concentrations were also 

examined on phagocytosis to observe a drug dose dependency on inhibition, in which all drugs 

on all receptor-types displayed.  

 Consistent with what was reported in RBL-2H3 cells (11), pharmacological inhibition of 

Src family kinases, Syk, PI3K, and F-actin polymerization all contributed to the inhibition of 

IpLITR 2.6b-mediated phagocytosis in AD-293 cells. In part, these mediators represent the key 

components of the phagocytic machinery described in the FcR-mediated phagocytic pathway, 

whereby proximal (SFKs and Syk), intermediate (PI3K), and distal (F-actin polymerization) 

components are well studied in mammals for their functions in phagocytosis (51,89,90). The 

observations made that both DrLITR 1.2 wt and DrLITR 1.2 ITIM ko were affected by all the 

pharmacological inhibitors do support the hypothesis that DrLITR 1.2 utilizes common 

signalling factors (i.e., SFK, Syk, PI3K, and F-actin polymerization) of the ITAM-dependent 

phagocytic signalling pathway. While it was unsurprising that DrLITR 1.2-mediated signalling 

involved these molecules in its control over phagocytosis, it was interesting to observe how 

inhibitors such as PP2 (SFK) and ER 27319 (Syk) were more effective against DrLITR 1.2 wt, 

while Wortmannin inhibited phagocytosis for both constructs relatively the same. Although ER 

27319 (Syk inhibitor) did not significantly inhibit phagocytosis of DrLITR 1.2 wt when engaged 
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with low mAb opsonized beads, phagocytic inhibition of DrLITR 1.2 wt with low mAb targets, as 

well as confocal microscopy all suggest that DrLITR 1.2 does in fact associate with Syk, 

although it is interesting that DrLITR 1.2 ITIM ko is more affected by the inhibition of the Syk 

inhibitor. The differences between the two constructs suggest that the ITIM may play a role in 

stabilizing or ensuring that the signalling mechanisms attributed by the receptor are induced. 

Perhaps the ITIM, in this case, results in the recruitment of signalling molecules that stabilize or 

enhance the initial signalling components, thereby ensuring that DrLITR 1.2 is able to induce its 

signalling capacity and overall lowering the receptor activation threshold. For example, in both 

the proposed phosphatase-dependent (Fig. 5.6A) and phosphatase-independent (Fig. 5.6B) 

models, recruitment of SHP-2 to the ITIM within the tail of DrLITR 1.2 may result in overall 

bolstering of early signalling components by either enhancing SFK and Syk activation 

(phosphatase-dependent) or by acting as scaffolding for signalling components to be localized to 

areas of kinase activity (phosphatase-independent). In either case, this could result in less 

reliance of both SFKs and Syk activity to induce the phagocytosis phenotype seen, thereby 

limiting the effect these pharmacological inhibitors induce on DrLITR 1.2-mediated 

phagocytosis. While this proposed mechanism is inherently unique, there is evidence that SHP-2 

is able to provide support to other signalling molecules post-receptor engagement. Specifically, 

phosphoproteomic studies have examined that drug inhibition of SHP-2 during EGFR 

stimulation resulted in a large decrease in the phosphorylation of certain molecules (137). The 

addition of an allosteric SHP-2 inhibitor resulted in a decrease in the phosphorylation of Gab1, 

Gab2, as well as SHP-2 itself within MDA-MB-268, EGFR-overexpressed cell line. Point 

mutations within the functional domains of SHP-2 determined that the SH2 domains of SHP-2, 

not the catalytic sites, are responsible for the prevention of dephosphorylation of 
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phosphotyrosine sites (pY) 659 on the adaptor protein Gab1 and pY643 on Gab2. The authors 

suggested that SHP-2 takes on a scaffolding role in the protection of pY sites by shielding them 

from dephosphorylation by other phosphatases (137). There is also further evidence that SHP-2 

plays additional roles in other signalling pathway regulation involving phosphatase activity. 

Inhibition of SHP-2 results in the increased phosphorylation of the inhibitory residue pY209 on 

Grb2, preventing the association of Son of Sevenless (Sos) and activation of Ras. Similarly, 

PI3K subunits accumulate inhibitory phosphorylation of tyrosines within the inner subunits 

(PI3KR1 and PI3KR2) when SHP-2 is inhibited, thereby suppressing kinase activity (137). 

Overall, the data suggest that while DrLITR 1.2 utilizes common signalling components of the 

ITAM-dependent phagocytic machinery, the ITIM within the same CYT may continue to 

modulate the signalling capacity of the receptor by enhancing early signalling machinery.  

 The binding avidity of receptors to targets influences the strength of downstream 

signalling and cellular effector responses (174,175). Typically the more ligand that is present and 

bound results in the activation of more receptors, thereby influencing signalling molecules that 

are activated, leading to an enhanced cellular effector response. It was unsurprising that the 

engagement of both IpLITR 2.6b and DrLITR 1.2-expressing cells with bead targets opsonized 

with lower αHA mAb in the presence of pharmacological inhibitors resulted in overall greater 

inhibition of phagocytosis. Since high mAb opsonized bead targets could engage more receptor 

constructs on the cell's surface, increased levels of intracellular molecule activation may require 

increased levels of drugs to obtain previous levels of inhibition of phagocytosis measured with 

the engagement of low mAb targets. However, what was interesting is that once again, DrLITR 

1.2 wt displayed a differing response, in comparison to DrLITR 1.2 ITIM ko and IpLITR 2.6b, to the 

change of mAb concentration on the surface of bead targets. While drug inhibitors were less 
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effective against DrLITR 1.2 ITIM ko and IpLITR 2.6b when engaged with higher mAb targets, the 

level of phagocytic inhibition observed for DrLITR 1.2 wt during exposure to drugs appeared to 

remain the same regardless of the mAb concentration on targets. While this observation was 

unexpected, it does bring back the idea that the ITIM may enhance and possibly protect the 

signalling capabilities of the receptor. As mentioned in chapter IV, the differential response 

observed when DrLITR 1.2 wt and DrLITR 1.2 ITIM ko cells are engaged with bead targets suggests 

the possibility that the ITIM functions to increase the sensitivity of the receptor during target 

engagement. In this scenario, DrLITR 1.2 wt, when engaged by both high and low mAb 

opsonized beads, induces a high phagocytic capacity. Aided by the recruitment of SHP-2 to the 

functional ITIM, it could then result in an enhanced or protective capacity for the proximal 

(SFKs and Syk) signalling components of the phagocytic response, shielded by the 

pharmacological effects.  

 My observations on the differing phagocytic capacities of DrLITR 1.2-expressing cells 

and the ITIM knockout variant on bead targets gave rise to the hypothesis that DrLITR 1.2 was 

able to recruit SHP-2 via the ITIM region within the CYT and that SHP-2 facilitates this 

differential response. Confocal analysis showed the recruitment of pSHP-2 to the phagocytic 

synapse during DrLITR-mediated phagocytosis and that a functional ITIM was required for the 

response. This gave rise to another hypothesis that SHP-2 could act as a scaffold in a 

phosphatase-independent (Fig. 5.6B) model for the recruitment of other adaptor and signalling 

molecules, such as interactions with Grb2 and Gab2, for the localization of kinases such as PI3K 

for downstream facilitation of effector responses (i.e., phagocytosis) (171,172). However, it was 

also predicted that SHP-2 could have a phosphatase-dependent (Fig. 5.6A) mode of increasing 

cell activation, such as preventing recruitment and activity of Csk by dephosphorylating 
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PAG/Cbp, thereby preventing phosphorylated inhibition of SFKs (173). My results showed that 

inhibiting the enzymatic activity of SHP-2 with pharmacological inhibitors resulted in no change 

to how wild-type DrLITR 1.2 facilitated phagocytosis. This gave an indication that perhaps SHP-

2 does indeed function as a scaffold protein rather than utilizing phosphatase activity when 

recruited to the ITIM within DrLITR 1.2 during phagocytosis. However, it should be noted that 

unlike what was expected, SHP-2 activity was not inhibited with the addition of the drug during 

IpLITR 2.6b and IpLITR 1.1b crosstalk. It was characterized that IpLITR 1.1b facilitates its 

inhibitory effect on IpLITR 2.6b through the recruitment of SHP-2 (14), therefore it was 

predicted that the addition of the phosphatase drug would restore the phagocytic ability of 

IpLITR 2.6b. As this was unexpectedly not the case, it cannot be said for certain that competitive 

enzymatic inhibitor NSC 87877 was sufficient to determine whether SHP-2, in the context of 

DrLITR 1.2, functioned as a scaffold rather than a phosphatase during DrLITR 1.2-mediated 

phagocytosis. In addition, previous studies on IpLITR crosstalk inhibition of phagocytosis did 

not characterize whether the enzymatic activity of SHP-2 specifically resulted in the inhibition of 

IpLITR 2.6b phagocytosis (14). Rather, ITIM-knockout variants of IpLITR 1.1b were generated 

and co-engaged with IpLITR 2.6b, whereby it was determined that the ITIM, and subsequently 

the recruitment of SHP-2, resulted in the inhibition observed. Further experimentation would be 

required to conclude whether SHP-2 acts in a phosphatase-independent or dependent manner 

during DrLITR 1.2-mediated phagocytosis. 

  In this thesis chapter, I used the established DrLITR 1.2 construct-expressing cell lines to 

test the hypothesis that DrLITR 1.2 utilizes signalling molecules associated with the ITAM-

dependent phagocytic response seen for other stimulatory receptors. In addition, I also 

hypothesized that DrLITR 1.2 is able to recruit pSHP-2 through its CYT-containing ITIM during 
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the engulfment of targets and that pSHP-2 facilitates the differential phagocytic response 

observed between DrLITR 1.2 wt and DrLITR 1.2 ITIM ko. My results indicate that DrLITR 1.2, 

through the presence of its ITIM, recruits pSHP-2 to the phagocytic synapse during the 

phagocytosis of bead targets. I also showed that DrLITR 1.2 involves common phagocytic 

signalling components (e.g., SFK, Syk, PI3K, and F-actin polymerization) consistent with 

IpLITR 2.6b-mediated phagocytosis as well as mammalian FcR signalling networks (11,51,89). 

To explain DrLITR 1.2 relationship with SHP-2 during phagocytosis, I have proposed a 

phosphatase-independent and phosphatase-dependent model for how SHP-2 may contribute to 

DrLITR 1.2-mediated phagocytosis. The ITIM within the ITAM-containing receptor DrLITR 1.2 

enhances the overall phagocytic response induced by DrLITR 1.2 while also appearing to reduce 

the ability of the receptor to bind to targets. The ITIM was also shown to recruit pSHP-2 to the 

phagocytic synapse while involving signalling molecules associated with an ITAM-dependent 

response. It is proposed that SHP-2 may act as a scaffolding protein in the phosphatase-

independent model by associating with adaptor molecules (e.g., Grb2 and Gab2), thereby 

localizing other signalling molecules such as kinases (e.g., PI3K) to enhance the signalling 

potential of the receptor. Additionally, it is also proposed that SHP-2, when recruited to the ITIM 

within DrLITR 1.2, could utilize its enzymatic activity to dephosphorylate regulatory molecules 

(e.g., Csk), increasing kinase activity. Overall, I have described a new method by which teleost 

immunoregulatory receptors may finetune signalling dynamics to control immune cell effector 

functions. 

 

 

 



130 

 

 

 

  

 

 

 

 

 

 

 

A. 



131 

 

 

 

 

 

 

 

 

 

 

B. 



132 

 

Figure 5.1. Signalling molecule recruitment to the phagocytic synapse through confocal 

microscopy. AD-293 cells (2 x 105) expressing IpLITR and DrLITR constructs were seeded 

overnight on glass coverslips. Samples were then incubated with mAb-opsonized 4.5μm non-

fluorescent beads (6 x 105) for 8 minutes at 37°C and subsequently fixed with 4% PFA for 10 

minutes. αHA mAb + αFLAG mAb co-opsonized beads were used to co-engage IpLITR 2.6b-

1.1b, αHA mAb + IgG1 co-opsonized beads were used to engage IpLITR 2.6b, and αHA mAb 

opsonized beads were used to engage DrLITR 1.2 wt and 1.2 ITIM ko constructs. Beads were 

counterstained using rabbit-α-mouse pAb conjugated with AF647 (Red), and cells were then 

permeabilized. Intracellular pSHP-2 (A) or pSyk (B) molecules were probed first with rabbit-α-

pSHP-2 pAb or with rabbit-α-pSyk pAb followed by incubation with goat-α-rabbit Ab (AF488 

conjugated; Green). Samples were visualized using a Zeiss LSM 710 confocal microscope at 

63x objective. Representative images from each sample show pSHP-2 staining (Green) in the 

first panel, extracellularly exposed and counterstained beads (Red) in the second panel, and 

merged fluorescence in the third panel (Ziess Zen Lite; Oberkochen, Baden-Württemberg, 

Germany).   
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Figure 5.2. Confocal microscopy of pSHP-2 recruitment to the bead-cell phagocytic 

synapse. AD-293 cells (2 x 105) expressing IpLITR and DrLITR constructs were seeded 

overnight on glass coverslips. Samples were then incubated with mAb-opsonized 4.5μm non-

fluorescent beads (6 x 105) for 8 minutes at 37°C and subsequently fixed with 4% PFA for 10 

minutes. αHA mAb + αFLAG mAb co-opsonized beads were used to co-engage IpLITR 2.6b-

1.1b (A), αHA mAb + IgG1 co-opsonized beads were used to engage IpLITR 2.6b (B), and αHA 

mAb opsonized beads were used to engage DrLITR 1.2 wt (C) and 1.2 ITIM ko (D) constructs. 

Beads were counterstained using rabbit-α-mouse pAb conjugated with AF647 (Red), and cells 

were then permeabilized. Intracellular pSHP-2 molecules were probed first with rabbit-α-pSHP-2 

pAb, followed by incubation with goat-α-rabbit Ab (AF488 conjugated; Green). Samples were 

visualized using a Zeiss LSM 710 confocal microscope at 63x objective. Representative images 

from each sample show pSHP-2 staining (Green) in the first panel, extracellularly exposed and 

counterstained beads (Red) in the second panel, and merged fluorescence in the third panel. 

Asterix (*) marks the bead-associated phagocytic event of interest between all three panels. 

Mean fluorescence intensity graphs represent a quantitative assessment of fluorescence 

intensities of the phagocytic event as measured across the dashed arrow (Zeiss Zen Lite; 

Oberkochen, Baden-Württemberg, Germany) by calculating MFI (y-axis) of exposed beads (red 

line) and pSHP-2 staining (green line) using ImageJ software (Bethesda, Maryland, USA). 
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Figure 5.3. MFI analysis of pSHP-2 recruitment during LITR phagocytosis. AD-293 cells (2 

x 105) expressing IpLITR and DrLITR constructs were seeded overnight on glass coverslips. 

Samples were then incubated with Ab-opsonized 4.5μm non-fluorescent beads (6 x 105) for 8 

minutes at 37°C and subsequently fixed with 4% PFA for 10 minutes. αHA mAb + αFLAG mAb 

co-opsonized beads were used to co-engage IpLITR 2.6b-1.1b, αHA mAb + IgG1 co-opsonized 

beads were used to engage IpLITR 2.6b, and αHA mAb opsonized beads were used to engage 

DrLITR 1.2 wt and 1.2 ITIM ko constructs. Beads were counterstained using rabbit-α-mouse pAb 

conjugated with AF647, and cells were then permeabilized. Intracellular pSHP-2 molecules were 

probed first with rabbit-α-pSHP-2 pAb, followed by incubation with goat-α-rabbit pAb 

conjugated with AF488. Samples were visualized using a Zeiss LSM 710 confocal microscope at 

63x objective. For quantification of pSHP-2 recruitment, the mean area of fluorescence (MAF) 

was measured (Zeiss Zen Lite; Oberkochen, Baden-Württemberg, Germany) at the phagocytic 

cup of 50 events from three independent experiments. Graphs depict the measured events of each 

experimental group represented by the mean fluorescence intensity (MFI) ± SEM. Sample data 

groups were analyzed using a non-parametric t-test (Mann-Whitney; Prism 6, GraphPad, La 

Jolla, CA, USA). Asterisks *, **, ***, represent statistical significance at p ≤ 0.033, p ≤ 0.002 

and p ≤ 0.001, respectively, between experimental groups.  
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Figure 5.4. Confocal microscopy of pSyk recruitment to the bead-cell phagocytic synapse. 

AD-293 cells (2 x 105) expressing IpLITR 2.6b (A), DrLITR 1.2 wt (B), 1.2 ITIM ko (C), and 1.2 
ITAM ko (D) constructs were seeded overnight on glass coverslips. Samples were then incubated 

with αHA mAb opsonized 4.5μm non-fluorescent beads (6 x 105) for 8 minutes at 37°C and 

subsequently fixed with 4% PFA for 10 minutes.  Beads were counterstained using rabbit-α-

mouse pAb conjugated with AF647 (Red), and cells were then permeabilized. Intracellular pSyk 

molecules were probed first with rabbit-α-pSyk pAb, followed by incubation with goat-α-rabbit 

Ab (AF488 conjugated; Green). Samples were visualized using a Zeiss LSM 710 confocal 

microscope at 63x objective. Representative images from each sample show pSyk staining 

(Green) in the first panel, extracellularly exposed and counterstained beads (Red) in the second 

panel, and merged fluorescence in the third panel. Asterix (*) marks the bead-associated 

phagocytic event of interest between all three panels. Mean fluorescence intensity graphs 

represent a quantitative assessment of fluorescence intensities of the phagocytic event as 

measured across the dashed arrow (Zeiss Zen Lite; Oberkochen, Baden-Württemberg, Germany) 

by calculating MFI (y-axis) of exposed beads (red line) and pSyk staining (green line) using 

ImageJ software (Bethesda, Maryland, USA). 
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Figure 5.5. Pharmacological inhibition during phagocytosis indicates DrLITR 1.2’s ability 

to utilize ITAM-associated signalling molecules. 3 x 105 AD-293 cells stably expressing 

IpLITR 2.6b-1.1b (A, D), DrLITR 1.2 wt (B, E), and 1.2 ITIM ko (C, F), constructs were 

preincubated for 1 hour with differing pharmacological blockers at high dosages (HD) and low 

dosages (LD) or with 0.5% DMSO vehicle control. Without removing drug inoculated media, 

samples were incubated with 4.5μm YG beads (9 x 105) opsonized with either 0.4 μg/mL mAb 

αHA + 2.5 μg/mL IgG1 (A, B, C) or with 1 μg/mL mAb αHA (D, E, F) for 15 minutes at 37°C. 

Samples were then counter-stained and subsequently analyzed using the ImageStream X Mark II, 

with samples classified as being either phagocytic or surface-bound for YG bead targets. 

Inhibition was calculated as (1 - %phagocytosis experimental group / %phagocytosis vehicle 

control group). To measure phagocytic increase due to drug activity, additional seeded IpLITR 

2.6b-1.1b cells were also preincubated with NSC 87877 doses or with 0.5% DMSO vehicle 

control and given YG beads opsonized with 0.4 μg/mL mAb αHA + 2.5 μg/mL mAb αFLAG 

(G). Samples were processed as explained above, and activation was calculated as 

((%phagocytosis experimental group - %phagocytosis vehicle control group) / (1 - 

%phagocytosis vehicle control group)). Each bar represents the mean ± SEM of total cells 

associated with beads from 3 separate experiments. Sample data groups were analyzed using a t-

test (Prism 6, GraphPad, La Jolla, CA, USA). Asterisks (*) represent statistical significance (p ≤ 

0.05) between the analyzed sample and vehicle control data. 
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Figure 5.6. Proposed signalling pathway for DrLITR 1.2-based control of ITIM-mediated 

phagocytosis. DrLITR 1.2 wt -based control of phagocytosis initially results in the recruitment 

and activity of spleen tyrosine kinase (Syk) and Src family kinases (SFK) at immunoreceptor 

tyrosine-based activation motifs (ITAM) within the intracellular tail region of the receptor. 

Activated Syk is crucial for the initial propagation of downstream signalling responsible for 

cellular responses (i.e., phagocytosis) through the direct binding of molecules such as guanine 

nucleotide exchange factors (GEFs) and phosphatidylinositol-3-kinase (PI3K). GEFs regulate 

Ras homologous (Rho) GTPases which in turn are able to bind to and activate WASP – Wave 

family proteins leading to the activation of the Arp 2/3 complex and, finally, actin 

polymerization. In the proposed phosphatase-dependent model (A), tyrosine phosphorylation of 

the tandem immunoreceptor tyrosine-based activation motifs (ITIM) by SFKs results in the 

recruitment of SHP-2 where phosphatase activity dampens the recruitment and activation of C-

terminal Src kinase (Csk). Dampening of Csk activity can increase Src kinase activity as Src 

family kinases are an enzymatic target for Csk, resulting in phosphorylation of c-terminal 

tyrosine to become phosphorylated, which causes SFKs to take on an inactive form. The 

increased activity of Src allows, in turn, for an increase in the activation of tyrosine residues 

within receptor tail motifs as well as an increase in the activation and recruitment of Syk, 

resulting in a bolstering of the Syk-dependent signalling cascade. In the phosphatase-independent 

model (B) SHP-2 is recruited to the ITIM within the receptor tail but is proposed to act as a 

scaffold for the direct binding and complexing of growth factor receptor-bound protein 2 (Grb2) 

and Grb2-associated-binding protein 2 (Gab2). This complex can directly bind to PI3K, allowing 

the protein to be close to Syk, further supporting the overall Syk-dependent signalling cascade. 

Figures created with BioRender.com.  
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Chapter VI 

General Discussion and Future Directions 

6.1 Summary of Findings   

 Previous characterization of IpLITRs have been used to understand mechanisms of 

immunoregulatory receptor-mediated control of innate immune cell effector responses utilizing a 

heterologous expression system. For example, IpLITR 2.6b activated ITAM-dependent 

degranulation and phagocytosis when transfected and stimulated in myeloid cells (RBL-2H3) 

(8,10–12,176). In contrast, the putative inhibitory receptor IpLITR 1.1b was shown to abrogate 

the effects of NK cell-mediated cytotoxicity using both an expected ITIM-dependent and an 

unexpected ITAM-independent mechanisms (13). Furthermore, when transfected in RBL-2H3 

cells and induced by opsonized bead-targets, IpLITR 1.1b displayed a novel ITAM-independent 

mode of phagocytosis characterized by the formation of filopodia-like membrane protrusions 

(12,177). When IpLITR 1.1b and IpLITR 2.6b were co-transfected together in the same cell line 

(AD-293) and engaged with co-opsonized targets, receptor-mediated crosstalk resulted in a clear 

reduction in the phagocytic ability of IpLITR 2.6b with different regions of the IpLITR 1.1b 

CYT playing distinct roles in sustaining and initializing the inhibitory response (14). Taken 

together, these lines of evidence highlight the versatility of IpLITR-mediated immunoregulatory 

control of cell signalling networks as well as the functional plasticity of receptors with both 

inhibitory and stimulatory properties. 

 In recent studies, our lab has identified multiple new LITR-types within the genome of 

the zebrafish (Danio rerio) (15). Characterization of these DrLITRs revealed that a specific 
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subset were comparable to that of classical inhibitory and stimulatory innate immune receptors 

based on the presence of ITIIMs within the receptor CYT or charged residues suggesting 

possible recruitment of ITAM-containing adaptor molecules. Additionally, identification of 

DrLITRs that contained novel arrangements of immunoreceptor tyrosine-based motifs were 

discovered that suggest possible new mechanisms by which teleosts regulate cell receptor-based 

signalling networks. Specifically, the identification of DrLITR 1.2 containing opposing tandem 

signalling motifs (i.e., ITAM and ITIM) within the same receptor CYT brought to question the 

role the ITIM plays in controlling receptor-based signalling. The presence of a bonafide ITAM 

within the receptor CYT suggested that this receptor could induce a phagocytic response when 

transfected into cells and engaged with bead targets through the recruitment of signalling 

molecules classically associated with other ITAM-containing receptors (e.g., CR3, FcγR, and 

Dectin-1) (16,17). However, the addition of an ITIM in the CYT also implied that the 

recruitment of ITIM-specific molecules could dampen the signalling capabilities of this receptor 

as well as the cellular effector functions. My results in this thesis demonstrate for the first time 

that DrLITR 1.2 can induce a potent ITAM-dependent mode of phagocytosis whereby the 

presence of the ITIM enhances the full phagocytic potential. I also show that aside from utilizing 

similar signalling molecules described in the mammalian FcR ITAM-mediated signalling 

pathway, DrLITR 1.2 recruits classically defined inhibitory molecules to sites of target 

engulfment. My thesis work provides new evidence for how immunoregulatory receptors can 

modulate their signalling capacities and also offers further evidence that putative inhibitory 

immunoregulatory mechanisms can function to activate cellular signalling.  

 Our lab has utilized mammalian heterologous expression systems to characterize IpLITRs 

in the context of immunoregulatory signalling and receptor-based effector responses (14,165). I 
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took advantage of this system by expressing N-terminally HA-tagged DrLITR constructs on the 

surface of AD-293 cells. In conjunction with the wildtype DrLITR 1.2 receptor containing both 

an ITAM and an ITIM within the receptor CYT, motif dysfunctional mutant constructs were 

created to test the hypothesis that the ITIM dampens DrLITR 1.2-mediated signalling. Within the 

context of the receptor signalling paradigm, the co-engagement of separate inhibitory receptor-

types with stimulatory receptors facilitates the dampening of the overall signalling capabilities of 

the stimulatory receptor (2,14,19,52,89). This, in turn, allows for a greater activation threshold 

that needs to be overcome to activate signalling and cellular effector responses, preventing 

overstimulation and sustained inflammation. This is demonstrated in our previous studies where 

the putative inhibitory ITIM-containing receptor IpLITR 1.1b was co-engaged with the 

stimulatory ITAM-containing receptor IpLITR 2.6b using co-opsonized bead targets (14). When 

observing the response through a phagocytic flow cytometric assay, results showed an overall 

dampening of the phagocytic response when IpLITR receptors were cross-linked compared to 

stimulation of IpLITR 2.6b alone. Based on this information and by employing the same 

phagocytic assay to my newly created DrLITR 1.2 expressing AD-293 cell lines, it was predicted 

that the ITIM within the CYT of DrLITR 1.2 could potentially recruit inhibitory-associated 

signalling molecules during DrLITR 1.2-mediated phagocytosis. Consequently, localizing 

inhibitory molecules to an ITAM-containing receptor could possibly increase the activation 

threshold of the receptor, thus dampening the observed phagocytic response, and bypassing the 

need for the stimulatory receptor to be co-ligated with an inhibitory receptor type. My results in 

chapter IV showed that unlike what was predicted, DrLITR 1.2 wt-expressing cells had a potent 

ITAM-dependent phagocytic response when engaged with opsonized bead targets. In 

comparison, its phagocytic response was significantly decreased when the ITIM motif within 
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DrLITR 1.2 was functionally knocked out. In addition to this data, it was observed that while 

DrLITR 1.2 ITIM ko-expressing cells had a reduced phagocytic capacity compared to its wildtype 

counterpart, the ITIM knockout construct bound to a greater amount of target beads at both 

ambient and sub-ambient temperatures. Taken together, this line of evidence suggests that the 

ITIM motif within DrLITR 1.2 can modulate the phagocytic response induced by the ITAM-

containing DrLITR 1.2. Overall, this data also represents a unique functional description for 

teleost immunoregulatory receptors containing ITAM and ITIM motifs within their CYT. 

 In chapter V, I further examined the downstream signalling mechanisms coordinating the 

DrLITR 1.2-mediated phagocytic response. As DrLITR 1.2-expressing cells induced an ITAM-

dependent mode of phagocytosis, I hypothesized that DrLITR 1.2 utilized signalling components 

reminiscent of the FcR and IpLITR 2.6b ITAM-dependent pathways for controlling phagocytosis 

(51,89,177). To this end, I used the phagocytic assay and pharmacological inhibitors previously 

used to inhibit IpLITR 2.6b-mediated phagocytosis within RBL-2H3 cells (177). Drugs that were 

chosen inhibited crucial signalling molecules that represented the proximal (SFK and Syk), 

intermediate (PI3K) and distal (F-actin polymerization) signalling components of the FcR and 

IpLITR 2.6b ITAM-dependent phagocytic signalling pathways (51,89,177). As previously 

reported in RBL-2H3 cells, inhibitors of SFKs, Syk, PI3K, and F-actin polymerization all 

significantly dampened the phagocytic response induced by the engagement of IpLITR 2.6b-

expressing AD-293 cells. In addition, these inhibitors were also effective against both DrLITR 

1.2 wt and DrLITR 1.2 ITIM ko, however, it appeared that drug inhibition was more affective 

against DrLITR 1.2 wt compared to DrLITR 1.2 ITIM ko. Interestingly, it was also observed that 

drug inhibition of these signalling molecules was more effective at dampening the phagocytic 

response induced by IpLITR 2.6b and DrLITR 1.2 ITIM ko compared to that seen for DrLITR 1.2 
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wt. The use of phagocytic targets opsonized with high levels of mAb also revealed that DrLITR 

1.2 wt was not influenced by receptor binding avidity during drug inhibition. These observations, 

along with phagocytic data on how the ITIM increases the phagocytic capacity of DrLITR 1.2, 

strongly suggest that the ITIM within the CYT contributes to enhancing and potentially 

protecting the signalling capabilities of DrLITR 1.2 during bead engulfment.  

 The presence of the ITIM within the CYT of the ITAM-containing receptor DrLITR 1.2 

brings to question the possible signalling capabilities of this unique teleost receptor. Classically, 

long-tailed inhibitory receptors contain ITIMs within their CYT regions that, during receptor 

engagement, lead to the phosphorylation of their tyrosine residues and subsequent recruitment of 

inhibitory-associated phosphatase signalling molecules such as SHP-1, SHP-2, SHIP1, and 

SHIP2 (2). The differential phagocytic activities observed between DrLITR 1.2 wt and DrLITR 

1.2 ITIM ko-expressing cells suggests that possible recruited signalling mediators to the ITIM may 

play a role in modulating the phagocytic response. Thus, it was hypothesized that the ITIM 

within DrLITR 1.2 could facilitate the recruitment of SHP-2 during phagocytosis of opsonized 

bead targets. In addition, it was predicted that if indeed SHP-2 was recruited, it could modulate 

and enhance the overall signalling and phagocytic capacity of the receptor as it has been shown 

that SHP-2 is able to facilitate enhanced receptor-based signalling in both a phosphatase-

independent (171) and phosphatase-dependent (173) mechanism. To test the first part of the 

hypothesis, confocal microscopy was used to examine the phagocytic engulfment process of the 

bead targets at the phagocytic synapse. Engagement of LITR receptors on the surface of cells 

triggers intracellular signalling resulting in F-actin polymerization and membrane remodelling 

for the engulfment of bead targets. The phagocytic synapse formed between the cell and target 

was then fluorescently probed to visualize the recruitment of these crucial signalling mediators 
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localized to the receptors on the membrane of the phagocytic cell. My results show, consistent 

with what was previously described (14), co-engagement of IpLITR 2.6b with IpLITR 1.1b 

resulted in receptor crosstalk and the recruitment of pSHP-2 to the phagocytic synapse that is 

absent when only IpLITR 2.6b is engaged by targets alone. In agreement with my hypothesis, I 

also confirmed that DrLITR 1.2 recruits pSHP-2 to the phagocytic synapse, requiring a 

functional ITIM within the receptor CYT region.  

 To test the second part of the hypothesis that SHP-2 may enhance the phagocytic 

response seen for DrLITR 1.2 wt compared to DrLITR 1.2 ITIM ko, a competitive pharmacological 

inhibitor against the enzymatic activity of SHP-2, was used. My results showed that the SHP-2 

inhibitor did not significantly affect the phagocytic activity of DrLITR 1.2. It should be noted 

that while it was determined previously in our lab that the ITIMs within IpLITR 1.1b were 

crucial for crosstalk inhibition as well as the recruitment of SHP-2 during crosstalk, there was no 

direct evidence that the enzymatic activity of SHP-2 or SHP-2 itself was responsible for IpLITR-

mediated crosstalk inhibition (14). Therefore, it cannot be concluded that SHP-2 phosphatase 

activity was responsible for the differential phagocytic response seen between DrLITR 1.2 wt and 

DrLITR 1.2 ITIM ko. Thus, future studies should focus on identifying whether SHP-2 is involved 

in the enhanced phagocytic response observed for DrLITR 1.2 wt. In addition, other studies have 

suggested that the phosphatase activity of SHP-2 may not contribute to the response observed. 

 While SHP-2 is classically associated with inhibitory regulation of receptor-based 

signalling, the receptor PDGF-R, upon stimulation, can recruit and bind to SHP-2, ultimately 

resulting in downstream signalling leading to Ras activation (172). As per the proposed 

phosphatase-dependent model (Fig. 5.6B) for how SHP-2 enhances DrLITR 1.2-mediated 



158 

 

signalling, phosphorylation of SHP-2 by kinases, create a docking site allowing other adaptor 

molecules, such as Grb2 and Gab2, to be recruited near the receptor as well as other signalling 

components. This is also shown to be the case during stimulation of T lymphocytes with IL-2 

whereby the SHP-2, Grb2, and Gab2 complex facilitates the recruitment and binding of other 

downstream stimulatory signalling molecules such as PI3K and PLCγ (171). The phosphatase 

activity of SHP-2 is also credited with activating cell signalling. The proposed phosphatase-

dependent model (Fig. 5.6A) for SHP-2-mediated signalling enhancement of DrLITR 1.2 

phagocytosis suggests that the dephosphorylation of the Csk binding protein PAG/Cbp by SHP-2 

can prevent the localization of Csk to areas of SFK activity, preventing phosphorylation of 

inhibitory residues on SFKs as seen in RTK signalling (135,173). Based on this information, as 

well as evidence that DrLITR 1.2 can recruit pSHP-2 to the bead-cell interface during 

phagocytosis, I predicted that SHP-2, when recruited to the ITIM, bolsters the phagocytic 

response in either a phosphatase-dependent (described previously) or a phosphatase-independent 

model. In both cases, stimulation of DrLITR 1.2 is expected to result in the phosphorylation of 

tyrosine residues within both the ITAM and ITIM. Syk is then recruited to the ITAM, facilitating 

further activation and stimulation of downstream effectors, leading to the activation of the F-

actin polymerization machinery for membrane remodelling and engulfment of engaged targets. 

In the case of the phosphatase-independent model, SHP-2 would be recruited to the 

phosphorylated ITIM, whereby it can become phosphorylated itself by local kinases. This then 

creates a site for the recruitment of adaptor molecules, such as Grb2 and Gab2, for further 

recruitment of signalling molecules such as PI3K. The recruitment of SHP-2 to the ITIM within 

DrLITR 1.2 is similar in the phosphatase-dependent model, however, the enzymatic activity of 

SHP-2, when recruited to the ITIM, may result in dephosphorylation of tyrosines causing 
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regulatory kinases, such as Csk, to be inactive at sites of receptor engagement. Preventing Csk 

from eliciting its inhibitory activity on SFKs may then allow for enhanced SFK activity, such as 

activation of kinases (e.g., Syk) or phosphorylating receptor signalling motifs. In both cases, the 

increase in activity of kinases localized to the receptor could allow for an enhancement of 

signalling transduction, increased signalling molecule activation, and consequently, lowering the 

possible activation threshold of the receptor.  

 The findings in this thesis represent the first functional characterization of ITAM and 

ITIM motifs in tandem within the same cytoplasmic tail region of a teleost immunoregulatory 

receptor. My data shows that DrLITR 1.2 elicits a robust ITAM-dependent phagocytic response 

within mammalian AD-293 cells, reminiscent of other classical stimulatory receptors. I also 

show that not only is the ITIM required for the full phagocytic capacity of the receptor, but SHP-

2 is recruited to sites of target phagocytosis. Overall, my data presents a new model for how 

immunoregulatory receptors fine-tune cellular signalling networks and provides new insights 

into how classically defined inhibitory signalling mechanisms may also play roles in augmenting 

immune cell effector responses.  

6.2 Future Directions 

6.2.1 Identification of Effector Molecules Recruited during DrLITR 1.2-mediated 

Phagocytosis 

 In my experiments, I have shown that DrLITR 1.2 recruits pSHP-2 to the phagocytic 

synapse, however, there is still a lack of evidence that pSHP-2 contributes to the phagocytic 

phenotypes observed. In addition, pharmacological inhibition of SHP-2 displayed no effect on 

IpLITR 1.1b-mediated crosstalk inhibition of IpLITR 2.6b-induced phagocytosis. As mentioned 
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in chapter V, the inhibitory receptor IpLITR 1.1b, when co-engaged with the stimulatory 

receptor IpLITR 2.6, induced crosstalk inhibition of the phagocytic response (14). It was 

determined that IpLITR 1.1b could not initiate this inhibition in the absence of functional ITIMs 

within its CYT distal region and that pSHP-2 was subsequently recruited during receptor 

crosstalk. However, my results showed that the introduction of the competitive enzymatic 

inhibitor NSC 87877 was unable to restore IpLITR 2.6b-mediated phagocytosis by inhibiting the 

phosphatase/enzymatic activity of SHP-2. It should also be noted that the phosphatase activity of 

SHP-2 was not exclusively determined to be the reason that IpLITR-mediated crosstalk occurs. 

Based on this information, both the phosphatase-independent and phosphatase-dependent models 

for how SHP-2 bolsters the phagocytic capacity of DrLITR 1.2 cannot be determined as the 

inhibitory activity of NSC 87877 was not confirmed in these experiments. 

 To confirm the association of SHP-2 to the ITIM within DrLITR 1.2, co-

immunoprecipitation (co-Ip) assays could be performed after DrLITR 1.2-mediated phagocytosis 

is engaged. Not only could this further determine that SHP-2 associates directly with DrLITR 1.2 

during receptor engagement, but other signalling molecules important for the transduction of 

DrLITR 1.2-mediated phagocytosis could be identified. For example, adaptor molecules such as 

Grb2 and Gab2 could be probed with molecule-specific antibodies during western blotting to 

determine if SHP-2 does, in fact, act as a scaffold in support of the phosphatase-independent 

model of how SHP-2 modulated DrLITR 1.2 phagocytosis. In addition, utilizing other 

pharmacological inhibitors targeting SHP-2 may also provide better insight into the role of this 

phosphatase protein in DrLITR 1.2-mediated phagocytosis. Specifically, SHP099 is an allosteric 

pharmacological inhibitor that not only inhibits the phosphatase enzymatic activity of SHP-2 but 

also prevents SH2-mediated binding to pY motifs. Previous studies have used this drug to 
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prevent the binding of SHP-2 to adaptor molecules, revealing that the binding of SHP-2 itself is 

able to protect tyrosine phosphorylation sites on adaptor signalling molecules such as Gab1 and 

Gab2 (137). While this wouldn’t determine whether the phosphatase activity of SHP-2 is 

involved, it would allow for further conclusions to be made that SHP-2 is indeed associated with 

the augmentation of DrLITR 1.2-mediated phagocytosis.   

6.2.2 DrLITR 1.2-mediated Crosstalk with DrLITR 15.1 

 Within the context of immune responses, coordinated signalling induction from the 

engagement of multiple immunoregulatory receptors to the same ligand allows for fine-tuning of 

responses. Multiple receptors on the surface of immune cells that are engaged by common 

ligands can localize together to recruit a variety of signalling molecules (i.e., crosstalk) to 

influence the overall response generated. Assays that examine the induction of a single immune 

receptor-type, while providing important information about the control of cellular signalling, do 

not reflect the full complexity of signalling regulation when multiple receptors are engaged. 

FcRs that recognize and engage antibody complexes crosstalk with other surface-bound 

receptors such as TLRs, to induce the production of pro-inflammatory cytokines (178). Within 

our own studies, the stimulatory receptor IpLITR 2.6b was expressed on the same cell line (AD-

293) as the putative inhibitory receptor IpLITR 1.1b (14). During receptor crosstalk by engaging 

both IpLITR constructs with co-opsonized beads, it was observed that not only was the 

phagocytic capacity of IpLITR 2.6b reduced by IpLITR 1.1b, but distinct CYT regions of 1.1b 

coordinated differing aspects of the inhibitory response. Early observations made during the 

discovery of the DrLITRs constructs described DrLITR 15.1 as putatively inhibitory (15). This 

receptor contains two ITIMs as well as an ITSM within the receptor CYT and resembles the 

membrane distal region of IpLITR 1.1b, hence the classification as a putative inhibitory-type 
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receptor. Within this thesis, only initial testing was conducted on DrLITR 15.1, until as 

predicted, the receptor was not able to engage the necessary machinery to induce a significant 

phagocytic response. The inhibitory effects of DrLITR 15.1 are not yet confirmed and would 

require the co-engagement with a stimulatory receptor that was transfected into the same cell 

line, similar to what was performed during the IpLITR crosstalk studies (14). Thus, DrLITR 15.1 

could be potentially co-transfected into the same cell line as DrLITR 1.2 wt and DrLITR 1.2 ITIM 

ko to answer the question; what role does the ITIM within DrLITR 1.2 play during receptor 

mediated crosstalk with DrLITR 15.1? Preliminary co-transfection experiments were performed 

to generate N-terminal HA-tagged DrLITR 15.1 transiently expressing cells with N-terminal 

FLAG tagged DrLITR 1.2 wt or DrLITR 1.2 ITIM ko constructs. Co-engagement with αHA mAb 

and αFLAG mAb co-opsonized beads were then introduced and phagocytosis was examined 

similarly to what was described previously in this thesis. Preliminary data showed that crosstalk 

inhibition of the phagocytic response by DrLITR 15.1 was greater when co-engaged with 

DrLITR 1.2 ITIM ko compared to the little to no inhibition examined for co-engagement with 

DrLITR 1.2 wt (data not shown). This suggests that the presence of the ITIM within DrLITR 1.2 

prevents crosstalk inhibition by DrLITR 15.1 during phagocytosis. This theme that the ITIM 

within DrLITR 1.2 protects and enhances the signalling capability of the receptor to induce 

phagocytosis proposed in this thesis is again observed in the context of crosstalk inhibition. Thus 

pursuing the creation of stably co-expressing DrLITRs on the surface of AD-293 cells would 

serve to create a basis for understanding this possible model of ITIM-mediated protection of 

signalling potentials.  
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6.2.3 DrLITR-mediated Signalling in Immune Cells 

 One of the major caveats to the experiments that were conducted in this thesis was that 

immunoregulatory receptors were expressed in a non-immune cell line (AD-293). While the 

expression of LITRs in AD-293 cells allowed our lab to make important conclusions on 

immunoregulatory receptor potentials, receptor-based control was limited to the intrinsic 

properties of the cells that they were expressed in. AD-293 cells are not basely phagocytic, 

however, phagocytosis itself is an ancient cellular process utilizing cytoskeleton components that 

all cells contain. Thus, introducing a potent stimulatory receptor that engages these cellular 

components allows for a non-immune cell to induce phagocytosis when engaged. While this 

property was beneficial, especially for a cell line that is easily transfectable with proteins of 

interest, utilizing AD-293 cells limited us to essentially rely on phagocytosis as the sole means 

for examining the control of signalling responses. It would then be interesting to examine other 

inflammatory signals that DrLITRs control when transfected into other immune cell lines that are 

capable of outputting other immune effector responses allowing for additional observations to be 

made about receptor-based signalling. For example, previous studies in our lab used the myeloid 

rat basophilic leukemia cell line (RBL-2H3) for characterizing IpLITRs. Including phagocytosis 

(8,10,11), it was shown that IpLITR 2.6b induced cytokine secretion (12) as well as 

degranulation in these immune cells (8). The availability of immune cell effector responses is not 

the only advantage of using an immune cell line. Transfection of the putative inhibitory receptor 

IpLITR 1.1b within RBL-2H3 cells allowed our lab to examine a novel ITAM-independent mode 

of phagocytosis that was absent when transfected into AD-293 cells. Differing cellular signalling 

molecules as well as other signalling components due to the change in transfected cell type, can 

result in drastically differing receptor-based responses. For example, higher availability of SHP-
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1 and increased basal calcium levels were thought to be the reason MZ B cells were inhibited 

when the BCR was co-engaged with transfected FCRL5 (93). In comparison, B1 B cells 

colligation of FCRL5 to the BCR resulted in no inhibition of the B cell responses. Following 

these two lines of evidence, transfection of DrLITR 1.2 constructs into an immune cell line could 

possibly reveal differing mechanisms for controlling the immune response that could not be 

observed in AD-293 cells.   

 Additionally, utilizing a fish cell line for the transfection of DrLITRs would also allow 

for examination of immunoregulation by these receptors in a context more closely resembling 

where these receptors exist in vivo, thus potentially revealing the true function of these receptors 

within teleost fish. For example, publicly available protocols detail the extraction, culturing, and 

transfection of zebrafish primary cells (179). Zebrafish embryos are sterilized, dechorionated, 

and separated into single cells 2 dpf. Cells can then be cultured in poly-L-lysine-coated cell 

culture plates, where cells can be cultured for several days, similar to other differentiated primary 

cell cultures. In addition, these extracted cells are also able to be transfected with plasmid DNA 

via electroporation, where microcopy showcased that GFP fluorescence was visible 1 day after 

transfecting cells.     

6.3 Concluding Remarks 

 The use of LITRs as a model system has allowed for our lab to understand new insights 

into vertebrate immunoregulation. Categorization of immune receptor function has been 

classically determined by the presence of specific immunoreceptor tyrosine-based motifs within 

their CYT regions. However, an ever-growing list of evidence for immunoregulatory receptors 

suggests that this simple categorization of either being stimulatory or inhibitory requires 
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extensive re-examination. Our lab has showcased that the ITIM-containing receptor IpLITR 1.1b 

was able to induce an ITAM-independent mode of phagocytosis when transfected into a 

mammalian myeloid cell line. However, the re-examination of this receptor in a non-immune cell 

line highlighted this receptor’s ability to dampen the signalling capacity induced by a stimulatory 

receptor as well as the resulting phagocytic response. Recent discoveries in our lab have revealed 

a new set of LITR-types in zebrafish that contain classical stimulatory and inhibitory motifs 

within the same receptor tail. The presence of these tandem opposing motifs within DrLITR 1.2 

brought to question the specific purpose they might play in immunoregulation and controlling 

cellular effector responses. My results show for the first time that teleost immunoregulatory 

receptors with an ITAM and ITIM display potent phagocytic responses that utilize components 

of the classical ITAM-mediated signalling pathway. Furthermore, I also show that the ITIM can 

recruit the inhibition-associated signalling molecule SHP-2 to the phagocytic synapse and that 

the ITIM is required for the full phagocytic capacity of DrLITR 1.2. Overall, the information in 

this thesis further highlights the complexities of vertebrate immunoregulation while revaluating 

our classical definitions of inhibitory signalling mechanisms.    
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